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ABSTRACT 
An a n a l y t i c a l   p i l o t  model incorporating the effects of motion cues and 
display scanning and sampling i s  t e s t ed  by comparing predictions against  
experimental  results on a moving base simulator. The simulated task i s  
that of precision hovering of a VTQL having varying amounts of r a t e  damping, 
and using separated instrument displays. Motion  cue effects  are  invest igated 
by running the experiment under fixed and moving base conditions,  the latter 
i n  two modes -full  motion, and angular motion only. Display scanning 
behavior i s  measured on some of the runs. 
The r e s u l t s  of the program show t h a t  performance i s  best with angular 
motion only, most probably because a g-vector tilt cue i s  ava i lab le  to  the  
p i l o t  i n  t h i s  motion condition. This provides an a t t i tude  ind ica t ion  even 
when not  visual ly  f ixat ing the at t i tude display.  Vest ibular  threshold 
e f f ec t s  a r e  a l so  p re sen t  i n  the  r e su l t s  because of the display scaling 
used t o  permit hovering position control within the motion simulator 
l imits-no washouts are used in the simulator drive signals. The I F R  
nature of the task results in large decrements in pilot  opinion and per- 
formance r e l a t i v e   t o  VFR conditions because of the scanning workload. 
Measurements of scanning behavior are sensitive t o  motion conditions and 
show more attention to att i tude control under fixed base conditions.  
iv 
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1 SECTION I INTRODUCTION 
A. BACKGROUND 
Motion cues can often have an important e f f ec t  on the manual control 
of aerospace vehicles. Designers and researchers  in  the  f ie ld  of manual 
control  are therefore   in te res ted   in   ana ly t ica l   p i lo t  models which a r e  
usef’ul in  pred ic t ing  these  e f fec ts .  In  an  ear l ie r  s tudy  (Ref .  1 )  t he  
ex is t ing  da ta  on motion cue e f f ec t s  was surveyed and such a model- 
the multimodality pilot  model-was developed. The overall purpose of 
the experimental research discussed in this report was t o  provide a t e s t  
of t h i s  model i n  a r e a l i s t i c  manual control  s i tuat ion.  Addit ional  data  
were sought as wel l  in  these areas  where the multimodality pilot  model 
r e s t s  on r e l a t i v e l y  few data points.  
The major goals of t h i s  program are,  in the order of t h e i r  importance, 
as follows: 
o To tes t  the  appl ica t ion  of the multimodality pilot  
model fo r  a  t yp ica l  r ea l i s t i c  t a sk .  
To provide  additional  experimental  data on the  ro le  
of l i n e a r  motion cues. 
To provide  additional  experimental  data on the  e f fec ts  
of t he  f ide l i t y  of the motion simulation. 
To obtain a limited amount  of data  on the  e f fec t  of 
motion cues on pilot display scanning and sampling. 
These four goals constitute the objectives of the  Pr ior i ty  I, 11, 111, 
and IV runs discussed in  this  report .  
The i n i t i a l  phase of the program was devoted t o   t h e   s e l e c t i o n  of an 
experimental situation capable of satisfying these objectives,  and an 
analysis to predict  the experimental  results.  The analysis w a s  based 
upon the multimodality pilot  model together with recent results, Refs. 2, 
3, and 4, concerning display scanning and sampling  behavior.  This  analy- 
t i c a l  work was completed while the shakedown and ear ly  t ra in ing  runs  were 
taking place and wi thmt  knowledge of the  ear ly  experimental. resu l t s .  
VTOL hovering i n   g u s t y   a i r  was selected as the experimental task. 
The simulated vehicle dynamics were programmed on an analog canputer, 
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signals  from which drove the angular and l inear degrees of freedam of a 
moving-base simulator. The three subjects manipulated controls in  t h e  
enclosed simulator cab i n  response t o  motion variables displayed on 
separate instruments, and t o  t h e  cab motions themselves. The subjects 
were a l l  p i l o t s   q u a l i f i e d   i n  VTOL-type vehicles and for instrument 
f l i g h t .  The simulator drive s ignals  were a l l  compensated f o r  t h e  
known dynamic lags of the simulator-no washout c i r c u i t s  were used 
t o  limit cab motions. The two principal experimental  variables (other 
than subject)  were f i rs t ,  t h e  motion i tself  (three conditions: fixed 
base, moving base with angular and l i n e a r  cab motions, and moving base 
with angular motion only) and the configuration of the vehicle dynamics 
(several degrees of d i f f i c u l t y  and corresponding  sensi t ivi ty   to  the 
presence of motion cues). Differences in configuration were presented 
t o  t h e  s u b j e c t s  i n  random order ,  different  for each subject. Similarly, 
t h e  motion conditions for each configuration were presented in  random 
order ,  different  for each subject. On a few runs, a fourth var iable  was 
introduced, a lag del iberately inser ted in  t .he  s imulator  dr ive s ignals .  
Vaxious of the simulated motion variables were recorded on s t r ip   cha r t s ,  
and f o r  most of the runs, on FM tape for  possible  la ter  descr ibing f 'unct ion 
analysis.  The variances of these quant i t ies  were recorded for each run as 
indicators  of task performance. On sane of the runs,  pilot  scanning 
behavior was measured using  the Eye-Point-of-Regard system developed 
a t  Systems  Technology, Inc .  P i lo t  ra t ings  were given and p i l o t  commen- 
t a r y  was recorded (and later transcribed) for most of the experimental 
runs. 
The performance and pi lot   opinion data were extensively analyzed 
relat ive to  preexperimental  predict ions.  Much of the scanning measure- 
ments were reduced and a few example runs were analyzed for  pi lot  
describing functions. The results revealed laxge differences between 
VFR and IFR performance and opinion, and a preference for the angular 
motion only condition-apparently because the p i l o t  can e f f ec t ive ly  
respond t o  t h e  u t r i c u l a r  ( o r  proprioceptive) sensation of tilt. The 
data a l so  showed the  inf luence  of   vest ibular   threshold  effects- in  this  
experiment the angular  ra tes  were subthreshold for much of the time, 
rendering motion cues less effect ive than ant ic ipated.  
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The  task  selection,  experimental  setup,  and  procedures  used  in  the 
experiment  are  discussed in  Section 11. This  section  notes  the modifi- 
cations  made  as  result  of  the  experience  gained   the  early  shakedown 
and  subject  training runs. The  principal  modifications  were  to  the 
attitude  display  gains  and  control  sensitivities.  These  changes  were 
necessary  to  permit  hovering  within  the  linear  motion limits of  the 
simulator. 
Section I11 presents  the  pilot  opinion,  commentary,  and  performance 
results,  and  their  interpretation.  Particular  attention  is  paid  to 
differences  in  subject,  configuration,  and  motion  condition.  The  results 
of a '"target  of  opportunity''  experiment  are  also  given-this  brief 
experiment  was  intended  to  ascertain  performance  differences  ascribable 
to VFR-IFR  differences,  and  the  influence  of  input  disturbance  magnitude 
on  performance. 
Section N describes  the  eye-point-of-regard  data.  Subject, 
configuration  and  motion  condition  influences  on  these  data  are 
emphasized. 
Section V presents  the  results  of  the  brief  describing  function 
analysis  with  emphasis  on  motion  condition  differences. 
Section VI is a sununary of  the  major  findings  of  the  experimental 
program. 
Appendix A describes  the  pilot  models  used  and  the  techniques  used  in 
the  preexperimental  prediction  of  the  experimental  results. Thi  appendix 
is  also  an  example  of  nearly  all  facets  of  the  current  theory  on  pilot 
vehicle  analysis.  Multiloop,  multimodality,  and  display  scanning  effects 
are  included.  The  analytical  predictions  include  performance,  pilot  ratings, 
and  pilot  comments. 
Appendix B contains a run-by-run  listing  of  most f the  performance  data 
(the  rest  is  given  in  Section 111) and  that  portion  of  the  eye-point-of- 
regard  data  which was reduced (34 runs out  of 53). Appendix C contains 
additional  describing  function  data. 
3 
SECTION I1 
m m A L  CONDITION8 A D  D A T A - T m G  P R O C ~ U I W  
Selection  of  the  test  conditions  was  guided by  the  following  essentials: 
0 
0 
0 
0 
With  these 
The  piloting  task  should  be  a  multiaxis  task to permit 
testing  of  the  multimodality  pilot  model  in  a  multiaxis 
situation. 
It  should  be  similar to tasks  used  in  past  work t  pro- 
vide  a  basis  for  comparison of results. 
It  should  be  variable  over  a  range  of  sensitivity to  the 
presence (or absence)  of  motion  cues. 
It  should  permit  measurement  of  pilot  display  scanning 
and  sampling  behavior. 
needs  in  mind,  a  VTOL  hovering  task  using  separated  instrument 
displays  was  selected.  The  display  aspects  of  the  task  were  quite  similar 
to  the  "conventional  instrument  display"  of  Ref. 5, while  the  dynamics  of 
the  hovering  vehicle  were  similar to those  used  in  earlier  studies  (Refs. 6, 
7, and 8). 
A. SIMULATION DESCRIPTION 
The  general  task  presented  to  the  subjects  was  to  hover  over  a  spot 
in  mildly  gusty  air.  They  were  instructed to  keep  their  position  (fore- 
and-aft  and  side-to-side) and altitude  excursions  to  a  minimum.  The 
experiments  were  conducted  on  the NASA h e s  six-degrees-of-freedam  simu- 
lator  (Fig. 1 ) .  In response to displayed  visual  and  motion  cues,  the  pilot 
manipulated  a  two-axis  centerstick  and  a  collective  control.  The  controller 
positions  were  fed  to  an  analog  computer  which  was  used to im late  the 
VTOL dynamics  and  compensate  for  motion  simulator  lags.  Signals  from  the 
computer  drove  both  the  motion  simulator  and  the  displays  in  the  simulator 
cab.  The  computer  (actually,  two EA1 2 3 l R  consoles)  was  also  used  for 
taking  the  performance  measures  and  providing  signal  conditioning  for 
F'M recording  (see  Fig. 2). The  following  paragraphs  describe  the  various 
elements  in  the  experimental  setup. 
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Figure 1. Six-Degrees-of-Freedom Simulator 
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1. Controllers 
The force-versus-displacement characterist ics for the centerstick 
control of p i t ch  and r o l l  a r e  shown in  F ig .  3. The displacements were 
measured a t  the center of the handgrip. The subjec ts  fe l t  the  cont ro l le r  
configuration to be quite acceptable with pleasingly l ight force levels.  
The co l lec t ive ,  loca ted  to  the  l e f t  of t h e   p i l o t ' s  seat, was a pure 
fr ic t ion control  requir ing about  5 l b   f o r c e   t o   g e t  it moving and somewhat 
l e s s  t o  keep it moving. This  s t ic t ion  charac te r i s t ic  and the  r e l a t ive ly  
h igh  f r i c t ion  l eve l  were quite objectionable t o   t h e   p i l o t s ,  who f e l t  t h a t  
it made small corrections on the  a l t i t ude  con t ro l  t a sk  qu i t e  d i f f i cu l t .  
2. Displays and Display Gains 
The p i l o t  viewed the instrument panel in the closed motion simulator 
cab from a distance of approximately 3 in .  The display panel was arranged 
as shown in Fig.  4, with the instruments being separated by approximately 
6 in. center-to-center, both horizontally and ve r t i ca l ly .  The a l t i t u d e  
display a t  t he  upper l e f t  was a simple moving needle display having a 
f i l l - sca le  def lec t ion  of  k1.5 in.  representing 210 ft. Unlike the other  
two displays, it had a measurable lag in  the frequency range of i n t e r e s t -  
about 0.15 sec. The a t t i tude  d isp lay  a t  the upper right was a 5 in .  Lear 
b a l l .  A s  o r i g i n a l l y  s e t  up, the gain of t h i s  d i sp l ay  w a s  one-to-one. 
Shakedown run  r e su l t s  confirmed those of Ref. 5 which showed t h a t   t h e  
l i nea r  motion excursions for instrument hovering using conventional 
instruments are quite large-well  in excess of the Ames motion simulator 
limits. The reason i s  t h a t  t h e  p i l o t  cannot discern from the conventional 
a t t i t ude   ba l l   d i sp l ay   t he  small a t t i t u d e  changes which a re  needed t o  hold 
t h e  l a t e r a l  and longitudinal excursions within narrow l imi ts .  The gain 
was therefore increased t o  five-to-one, i.e., 5 deg of b a l l  motion rep- 
resented 1 deg of cab motion in  both  p i tch  and roll. 
The posi t ion display was  a 3 in .  CRT located below the   ba l l   d i sp l ay  
on which horizontal  and v e r t i c a l  l i n e s  were displayed. A s  o r ig ina l ly  set 
up, the intersect ion of  the horizontal  and ver t ica l  l ines  represented  the  
spot on the  ground Over which t h e   p i l o t  was t o  hover. Leftward motion of 
t h e   v e r t i c a l   l i n e  meant t he  cab was going to   t he   r i gh t ,   wh i l e  upward motion 
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of the horizontal  l ine implied that the  cab was moving af t .  Full-scale 
motion of approximately +1 .O in. implied position excursions of k9.1 ft, 
the  motion simulator limits. The small cross a t  the center of the display 
therefore represented the VTOL's posi t ion with respect t o  the desired 
point on the  ground, represented by the intersection of the horizontal and 
v e r t i c a l   l i n e s .  
The subjec t   p i lo t s  had d i f f i c u l t y  with th i s   s e tup  because the hori-  
zontal  l ine moved in  the  oppos i te  d i rec t ion  in  response  to  a s t ick  def lec-  
t ion than would be expected i f  t h e   l i n e s  were interpreted as ILS needles. 
A forward s t ick  def lect ion  caused  the  vehicle   to   pi tch down and move 
forward-the  horizontal  line moved - down the  screen. An ILS needle would 
move in  the  oppos i te  d i rec t ion  in  response  to  a forward s t ick  def lec t ion .  
To expedi te  the t ra ining process  for  two of the p i l o t s ,  EF and RG, the  
dr ive s ignal  def lect ing the hor izonta l  l ine  was  reversed;  the  th i rd  p i lo t ,  
GB, used the original setup. 
A d i rec t iona l  cont ro l  task (compass display at lower l e f t  on the panel, 
rudder pedals  for  control)  was originally planned for these experiments 
but was deleted because shakedown run resul ts  showed that t h e   p i l o t s  were 
unable t o  maintain small yaw att i tude excursions due to   t he   h igh   a t t en t ion  
levels required for the longitudinal and l a t e r a l  tasks. Large yaw a t t i t u d e  
excursions resulted in erroneous motion cues because of the small angle 
approximations used in  the equat ions of motion and in  the s imulator  dr ive 
s ignals .  
3. Vehicle Dynamics 
The equations of motion for the vehicle are given below: 
e Longitudinal 
S(S - X,)X + ge = -xUug 
-QSX + S( s - Mq)e = %e€je - Muug 
0 Lateral  
s( s - Yv)y - gcp = -Yvvg 
- ~ S Y  + S(S - +)CP = k a 6 a  - Lvvg 
10 
0 Vert ical  
s ( s  - z, - 27;)z = ZQC - G w g  
0 Pilot  Location 
x i  = x 
Y i  = Y 
zi = z - axe 
The in te rsec t ion  of  the  motion simulator's pitch and roll axes was the  
simulated center-of-gravity location of the vehicle except when ax was 
nonzero. The numerical values of the various parameters are given in 
Table I. The vehicle dynamic configurations are def ined in  Table 11. 
Each of these 1 1  configurations of vehicle dynamics were t o  be flown 
fixed-base (FIB) , moving-base with only angular motion (MBA) , and moving- 
base with both angular and l i nea r  motion (MBL) . 
The first six configurations were intended t o  explore the effects of 
increasing longi tudinal  task diff icul ty  for  two d i f f e ren t  l eve l s  of l a t e r a l  
t a sk  d i f f i cu l ty .  The resul ts  presented in  Ref. 7 would ind ica t e  tha t  t he  
most d i f f icu l t  longi tudina l  task  (Ms = 0 )  would be qu i t e  s ens i t i ve  to  the  
presence or  absence of motion cues,  while the least  difficult  (Ms = -4) 
would show l i t t l e  change going from fixed- t o  moving-base. 
Configurations 7 through 11 were intended t o  explore  the effects  of 
l i nea r  motion cues. Configurations 7 and 8 had degraded v e r t i c a l  t a s k  
s t a b i l i t y  and were meant t o   r evea l   (by  comparison of fixed- and moving- 
base performance) the effects of translational motion on v e r t i c a l   t a s k  
performance-there are no ro t a t iona l  a spec t s  t o  th i s  t a sk .  Configura- 
t i ons  9, 10, and 1 1  were intended t o  explore  the effects  of v e r t i c a l  motion 
on pi tch at t i tude control .  Relat ive to  Configurat ions 1 , 2, and 3,  t he  
p i l o t  i s  moved 20 ft ahead of the center of gravity so that  pi tch angular  
accelerations add to vertical  accelerations.  This can conceivably have 
an   e f fec t  on pi tch t racking and secondarily (because of pitch motions 
showing up on the   a l t i tude   d i sp lay)  on v e r t i c a l   t a s k  performance. 
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TABLE I 
VEHICLE DYNAMIC PARAMETERS 
Longitudinal  Dynamics 
Fixed  Parameters : 
gM, = 0.2 see , X, = - 0 . 1  see -3 -1 
Variable  Parameters : 
-4 .O 
-1 .o 
0 
Descriptor 
Good" 
"Mediocre" 
"Bad" 
Lateral  Dynamics 
Fixed  Parameters : 
g b  = -0.2 sec-3 yV = -0. I see-' 
Variable  Parameters : 
Descriptor 
IT God 
"Bad" 
Vertical  Dynamics 
Variable  Parameters : 
(see-' (see-')  Descriptor 
-1 .oo -3.00 "Good" 
-1 .oo -0 .oo "Mediocre" 
-0.5 0 "Bad" 
P i l o t  Location 
ax = o f t  y aft 
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CONFIG. NO. 
1 
2 
3 
4 
5 
6 
7 
a 
9 
10 
11 
TABm I1 
VEHICLE CONFIcfuRATIONS 
LONGITUDINAL LATERAL 
'rGOOdtl I t  Good" 
"Mediocre" 
"Bad" 
' tGoOdtr  "Bad" 
"Mediocre" 
"Bad" 
1 
1 
I t  Good"  Good"
God" 
"Good" 
"Mediocre" 
"Badrr 1 
JX 
o f t  
1 
m f t  
i 
Table I11 lists the control  sensi t ivi t ies  used by the three subjects  
together with the estimated optimum values derived from those given in 
Ref. 8. The longitwlinal and lateral gains are a f ac to r  of f ive  lower 
than those quoted i n  t h i s  reference t o  account for  the  increased  a t t i tude  
ba l l  s ens i t i v i ty .  The in i t ia l  va lues  ( i . e . ,  those  va lues  se t  p r ior  to  
modifications a t  the subject ' s  request)  of these gains were selected based 
upon the  optimum values of Ref. 8 using estimated values of the stick 
t r ave l  ( t he  ac tua l  ca l ib ra t ions  of stick force versus displacement and 
output voltage were u n a v a i l a b l e  u n t i l  l a t e r  i n  the program). During the  
t r a in ing  runs  the subjects were asked to  se l ec t  be t t e r  ga ins  as they saw 
f i t .  The r e s u l t s  were as shown i n  Table 111; the  con t ro l  s ens i t i v i t i e s  
f o r  the "good" conf igura t ions  for  la te ra l  and longitudinal dynamics were 
the only ones modified. The s e n s i t i v i t i e s  f o r  t h e  more diff icul t  configu-  
ra t ions were l e f t  unchanged, although one subject, RG, l a t e r  complained of 
low sens i t iv i ty   in   p i tch-aaf te r  he had considerable experience with the 
more diff icul t  configurat ions.  
The very l o w  co l lec t ive  cont ro l  sens i t iv i ty ,  Zg., for t he  "bad" v e r t i -  
c a l  dynamics came about as a result of an inadvertent miscalibration of 
the pertinent potentiometer on the  computer. This e r r o r  was  not "caught" 
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TABLE I11 
CONTROL SENSITIVITIES 
a)  Longitudinal Task, %e ( inch rad/sec2) 
OPTIMUM SUBJECT 
GAIN* RG I EF I GB 
! I f  Good" 0.066 0.066 0.070  0.043 "Mediocre" 0 .Ob7 0.037 "Bad" 0 .Ob2 0.031 
Lateral Task, Lga (*) 
c )   Ver t i ca l  Task, Zg, (A) rt sec2 
L CONFIG. DESCRIPTOR I f  Good" "Mediocre" "Bad" OPTI" GAIN* -4.3 -2.9 -2.2 
T 
RG 
-4.91 
-3.10 
-0 -77 
*Based on da ta   in   Ref .  8 ,  
by t h e   p i l o t s  because   they   in te rpre ted   the   resu l tan t   ver t ica l   t ask   s lug-  
gishness as p a r t  of the intentional task degradation and (apparently) 
because their opinions of t h i s   t a s k  were masked by the poor collective 
force characterist ics.  None of the subjects requested any change i n  t h e  
cont ro l   sens i t iv i ty   for  any of   the  ver t ical   task  configurat ions.  
4. &st Inputs 
The three gust inputs were simulated by feeding prerecorded noise 
through "gust f i l t e r s "  having a f i r s t -order  lag  charac te r i s t ic  wi th  
T = 1 .O sec.  In order to get repeatable ms level measurements (measured 
over a 100 sec time interval) the prerecorded noise consisted of a 100 sec 
white noise sample repeated over and over-a d i f fe ren t  sample for each 
of the  three inputs. The simulated rms gust levels used were as follows 
(mean values are zero i n  a l l  cases):  
u = 1 .O f t / s ec  
9rg = I .4 f't/sec 
= 1.6 f't/sec 
ug 
These gust levels are lower than the originally intended level of 
3 f%/sec i n  a l l  th ree  axes. The shakedown runs and ear ly  t ra in ing  runs 
revealed that the posit ion excursions could not be reliably controlled 
within the simulator l imits for gust  levels this high, and the  l eve l  was 
reduced to  tha t  ind ica ted .  P i lo t  ra t ings  (based  on past data, see Ref. 7 )  
a r e   r e l a t ive ly   i n sens i t i ve   t o   t he   p rec i se  level of gust excitation with 
the  values of and L, used i n  t h i s  experiment. 
5 .  Simulator Dynamics and Ccrmpensation 
Table IV l ists  the posit ion,  velocity,  and acceleration limits of the 
motion simulator degrees of freedom used. The drive signals from the  ana- 
log computer were l imited a t  levels corresponding to   t he   pos i t i on  limits. 
The yaw axis was not used. 
SIX-DEWES-OF-FREEDOM SIMULATOR LIMITS 
AXIS  POSITION VELOCITY ACCELEEXTION 
Roll, CD k45 deg 218 deg/sec 688 deg/sec2 
Pitch, e k45 deg 132 deg/sec 344 deg/sec2 
Longitudinal, x kg. I ft 1 1.4 ft/sec 6 f't/sec 2 
Lateral, y 29.1 ft I I .4 f t / s ec  7 &/sec2 
Vertical, z k8.4 f't 13.2 f t / s ec  10 f t / sec2  
The f’requency responses for a l l  but  the y a w  axis of the simulator 
are shown i n  Figures 5 through 9.  Those data are taken fram Refs. 9 and 
10. I n  Ref. 9 lead compensation i s  used t o  improve the  f ide l i t y  o f  t he  
motion simulator response out t o  approximately 12.5 rad/sec. In the 
present case it was f e l t  t h a t  a more restr ic ted range was appropriate  in  
view of t h e  low frequency character of the hovering VTOL dynamics. Second- 
order campensation, l i s t e d   i n  Table V, was used i n  a l l  axes and was based 
on the  “uncompensated” r e s u l t s  of Refs. 9 and 10. The camputed e f f ec t s  
of t h i s  compensation a r e  shown in  these  same figures. In  the longi tudinal  
ax i s  t he  compensation was l e s s  t han  pe r fec t ,  r e su l t i ng  in  a phase charac- 
t e r i s t i c  approximating a single-order lag having a time constant of 0.1 sec 
(see Fig. 7 ) .  Additional lead was avoided i n  this  axis because of the 
undesirable amplitude peaking which would r e s u l t .  
TABLE V 
SECO’l’iD-ORDFR LEAD COMPENSATION FOR MOTION SIMULATOR 
AXIS u) (RAD/SEC) 5 
Roll, cp 10.0 0.6 
Pitch,  e a .o 0.6 
Longitudinal, x 6.5 0.5 
Lateral, y 6.0 0.9 
Vertical ,  z 5.5 0.9 
The ne t  lag  in  the  longi tudina l  ax is  has  two consequences: first, 
the  motion of t he  cab lags the displayed value of x; and second, the longi- 
tudinal   accelerat ion of the cab due t o   p i t c h  motion w i l l  l ag   the   des i red  
accelerat ion.  In  this  s imulat ion a display motion synchronization fi l ter  
was used to   lag  the  displayed  value  of  x by an amount equal t o   t h e  motion 
lag.  The second e f f e c t  was ignored as being small r e l a t i v e  t o  t h e  e r r o r s  
introduced by the angular resolution of the simulator (approximately 
0.25 deg in  p i tch ,  0.10 deg i n  r o l l )  . The campensation (Table V )  used 
for the angular degrees of freedam i s  based on large amplitude results-  
large relat ive to  those actual ly  observed in  the experiment .  
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6. Motion Fidelity Filters 
For t h e   P r i o r i t y  I11 runs,  f i rs t -order  lags  in  the angular  motion were 
introduced t o  determine the magnitude of lag tolerable in motion simulation 
of th i s  type .  The experimental variable i s  t h e  time constant of the f i l ter .  
7. Performance Measures 
The integrated mean square values of 14 motion quant i t ies  were measured 
a t  t he  end of each run as a measure of p i l o t  performance. A switch operated 
by the experimenter started the integration which was automatically stopped 
100 s e e  l a t e r .  These measures defined the rms levels of t he  gust inputs 
( augJ uvg, 9.r ); the  cont ro l le r  def lec t ions  ( U E ~ ,  uEaJ ag,); the displayed 
p i t ch  and roll angles ( a@, ucp) , the posit ion excursions (ax, uyJ u z ) j  and 
the pitch,  longitudinal,  and v e r t i c a l  v e l o c i t i e s  ( oqJ ax, uw). 
g 
8. Signal Conditioning 
These c i r c u i t s  were used to  a t t enua te  and limit the vol tage levels  
of the same 14 motion quantity signals going into the FM recorder as well 
as providing overload protection for the recorder.  
9. Eye-Point-of-Regard System 
For some of the runs the pilot 's  eye point-of-regard on the panel was 
measured using the Eye-Point-of-Regard System developed a t  Systems Tech- 
nology, Inc. This system measures both p i l o t  head movement with respect 
t o   t he   pane l  and p i l o t  eye movement with respect t o   t h e  head, and combines 
the  two t o   y i e l d  a determination of where t h e   p i l o t  i s  looking on the  
panel. The system's description and theory of operation i s  more rully 
discussed in Ref. 3 .  The electronics associated with the measuring trans- 
ducers were mounted in the simulator cab. Signals indicative of the hori-  
zontal  and ver t ical   coordinates   of   the   pi lot ' s   point-of-regard were moni- 
tored using a CRT on the computer console and recorded on FM tape. The 
monitoring allowed calibration of the system without the need of docking 
the simulator;  the subject would adjust  knobs i n  response to  the  exper i -  
menter ' s  desires  while  the la t ter  observed the CRT. 
20 
10. Strip Chart and Voice Recording 
A l l  signals recorded on FM were a l so  recorded (without signal condi- 
t ioning)  on strip charts together with an inaicat ion of t he  performance 
integrat ion t ime interval  and the simulator cab motions (feedback poten- 
t iometers  in  the s imulator  drive servos).  
P i lo t  commentaxy was recorded using a voice-operated magnetic tape 
recorder connected t o   t h e  intercom system which provided the voice commu- 
nicat ion l ink between experimenter, subject, and motion simulator operator. 
Three p i lo t   subjec ts  were used throughout the experimental program; 
the i r  per t inent  backgrounds are  summarized i n  Table V I .  Because of h i s  
extensive research experience and l imited availabil i ty,  subject RG was 
used as a point of reference for the other two p i l o t s  who were inexperienced 
in  giving pi lot  opinion rat ings and cormnentary. Subjects GB and EF were 
r e l i ed  upon f o r  most of the  data  taken. 
TABLE V I  
SUBJECT  BACKGROUNDS 
GB: 
EF : 
RG: 
Airline fl ight engineer and p i io t ,  approximately 
800 hr; former USAF pi lot  with 650 hr  as instrument 
instructor, approximately 4,300 hr in  he l icopters  
i n  TJ. S .  
Airline flight engineer, approximately x)O hr; 
former USMC pi lo t   wi th  1,550 h r  as primary f l i g h t  
instructor ,  1,500 hr i n  he l i cop te r s  i n  Vietnam. 
NASA research pilot; approximately 4,200 h r   t o t a l ,  
mostly in single-engine fighters;  more than 500 h r  
in   he l i cop te r s  and VTOL a i r c ra f i .  
Subjects GB and EF each received five days of  t ra ining total ing 
approximately 85 t o  90 runs of 2 min or more durat ion for  each subject.  
They were exposed t o  a l l  configurations used in the experimental program. 
These trials were under both fixed-base (FB) and moving-base with lineax 
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and an@ar motion (MBL). The angular motion only condition (m) was 
not flown i n   t h e s e  trials as it was i n i t i a l l y  f e l t  t o  be intermediate i n  
d i f f i c u l t y  between the other two motion conditions. Subject RG had three 
t ra ining sessions of  ten trials or more each and was s imilar ly  exposed t o  
FB and MBL motion conditions for the vazious configurations. Performance 
records were kept on a l l  subjects throughout the t ra in ing  per iod .  These 
records, together with those taken in  the experimental runs, reveal that  
p i l o t  performance f o r  a l l  subjects continued t o  improve slowly throughout 
t h e  program. 
Ini t ia l  plans cal led for  running both GB and EF through a l l  11 con- 
figurations for fixed-base,  moving-base (angular motion only), and moving- 
base ( l inear  and angular motion) conditions. During the course of the 
t ra ining runs it became apparent  that  pi lot  locat ion effects  were, a t  most, 
very small, and that t h e   v a r i a t i o n s   i n   t h e   v e r t i c a l  task d i f f i c u l t y  would 
y i e ld  l i t t l e  i n fo rma t ion .  The reasons for th is  are that t h e  v e r t i c a l  
motions due t o  center of gravity location (a, e f f e c t s )  are very small 
because of the small pi tch at t i tude excursions,  and t h a t   t h e   v e r t i c a l  task 
is much less d i f f i cu l t   t han  any of the others-an increase in  the task 
d i f f i c u l t y  i s  a small increment i n  t h e  o v e r a l l  t a s k  d i f f i c u l t y .  The 
P r i o r i t y  I runs therefore followed the matrix i n  Table V I I ;  o r ig ina l ly  
planned runs on Configuxations 7 and 10 were deleted. Some of the moving- 
base (angular motion only) runs were deleted for intermediate levels of 
d i f f i c u l t y  ( 2  and 3 )  or where primary interest  was on t'le e f f ec t s  L f  t h e  
v e r t i c a l  motion (7, 9, and 1 1  ) . The order of presentation was d i f f e ren t  
for  both pi lots ;  they f lew the configurat ions in  random order and the two or  
three motion conditions for a pa r t i cu la r  configurG,ion i n  random order. 
Fxcept f o r   t h e   P r i o r i t y  I11 and IT runs i n   t h e  las t  three days of t he  
experimental program, a l l  subjects had four trial runs on the bes t  and 
worst configurations a t  the beginning of the day. The first two were on 
Configuration 1, both fixed- and moving base; the second two on Configu- 
ra t ion 6, both fixed- and moving base. The moving-base trial runs were 
with both l inear  and angular motion cues. The subjects were i n  t h e  simu- 
lator for periods of t ime up t o  an hour and a half ,  al though actually 
"flying" for  on ly  par t  o f  the  time. The rest of the time was spent i n  
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TABLF V I 1  
EXPERIMENTAL MATEKE, PRIORITY I RUNS 
?IXED-BASE 
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MOVINGBASE 
' ANa MOTION ONLY) 
MOVINGBASE 
:LINEAR & ANGULAR MOTION) 
X 
X '  
X 
X 
X 
X 
X 
X 
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1 
taking data, annotating charts, recording pilot comentaxy, and changing 
over the configuration for the next run. 
With the changes made during the shakeduwn runs noted ear l ier  ( i .e. ,  
delet ion of  the direct ional  control  task,  increased at t i tude display gain 
with correspondingly reduced stick gain, and reversal  of sense in the lon- 
g i tud ina l  d i sp lay  for  two of  the subjects)  the motion simulator was "fly- 
able, '' but with very poor pilot opinion. This had an adverse effect on 
t h e   a b i l i t y   t o   d i s t i n g u i s h  between the  subject ive  diff icul ty   of   the   var ious 
tasks (as defined by the controlled element dynamics and the presence or 
absence of motion cues). Consequently, t h e  p i l o t s  were i n s t r u c t e d  t o  rate 
the simulation as flyable [p i lo t  op in ion  ra t ing  (Cooper-Harper scale, 
Fig. 10) be t te r   than  10 .O] if they were able t o  keep the posit ion excur- 
sions within the motion simulator limits for   the  durat ion  of   the run, 
barring momentazy exceedances. Under these circumstances, the most experi- 
enced subject, RG, rated Configurati,on 1 between 6.0 and 7.0. This  ra t ing 
i s  st i l l  considerably poorer than those obtained (Refs. 6 and 7) with an 
integrated visual (real-world) display and t h e  same task dynamics. This 
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HANDLING QUALITIES RATING SCALE 
ADEQUACY  FOR  SELECTED  TASK OR  AIRCRAFT  DEMANDS  ON  THE  PILOT PILOT 
REQUIRED OPERATION* CHARACTERISTICS IN SELECTED TASK OR REQUIRED OPERATION* RATING 
Excellent  Pilot  compensation not a  factor for 
unpleasant deficiencies  desired performance 
Yes 
Minor but annoying 
deficiencies 
Desired  performance  requires moderate 
pilot compensation 
satisfactory  without 
~~~ ~ ~ 
Moderately  objectionable Adequate performance  requires 
deficiencies considerable pilot compensation 
Very objectionable  but Adequate performance  requires extensive 
tolerable  deficiencies pilot compensation 
, -Improvement + 
it  controllable? mandatory Major  deficiencies  required  operation 
Control will be lost during some portion of 
. -  , . .  
i 
I Pilot  decisi ns I -E Definition of required  operation  involves  designation of flight  phase  and/or 
Cooper-Harper Ref. NASA TND-5153 subphases  with  accompanying  co ditions. 
Figure IO. Cooper-Harper Fating  Scale 
decrement is  judged t o  be due t o   t h e  VFR-IFR differences between t h e   e a r l i e r  
work and the experjmental task with separated instrument displays. 
The procedure i n   t h e   P r i o r i t y  I runs ca l l ed  fo r  two runs in succession 
on a given combination of configuration and motion conditions during which 
t h e  p i l o t  was asked t o  minimize h is  pos i t ion  and a l t i t ude  e r ro r s .  The 
first run was intended t o  provide the pilot  with plenty of time t o   i d e n t i f y  
the configuration and to  s tab i l ize  h is  t racking  behavior .  He was asked t o  
comment on the  configurat ion  and  to   give a p i lo t   r a t ing   acco rd ing   t o   t he  
ra t ing  sca le  (pos ted  in  the  s imula tor  cab)  a f te r  th i s  run .  The second run 
was recorded on FM tape   for   poss ib le  later analysis of pi lo t   t rack ing  
behavior, and any addi t ional  comments were recorded. I n  a l l  cases he 
was not informed of the configuration, only of the motion condition. 
Measurement of p i l o t  performance started approximately 15 sec  a f t e r  
starting the simulator. This procedure was dropped f o r  t h e  remaining 
runs when the performance data indicated no s ignif icant  performance d i f -  
ference between the first and second runs i n  a set ,  and because t h e  p i l o t s  
had no t rouble  in  ident i fying the configurat ions- typical ly  within a few 
seconds a f t e r  s tar t .  
An examination of the performance and pi lot  ra t ing data ,  together  with 
t h e  p i l o t  commentary from these runs,  indicated considerable scatter in 
the   da ta  and a tendency for t h e   p i l o t s   t o   p r e f e r   t h e  moving-base with 
angular motion only (MBA) condi t ion.  Pi lot  locat ion effects  were negli-  
g ib le  ( they  couldn ' t  t e l l  the  d i f fe rence  between Configurations 1 and 9, 
or 3 and 11 ) and the re  was no discernible change due t o  motion (or i t s  
absence) on t h e  v e r t i c a l  t a s k  performance in Configuration 8. It was 
decided to  ge t  add i t iona l  da t a  on Configurations 1 , 3 ,  4, and 6 under a l l  
motion conditions for a l l  three pi lots ,  the purpose being to  explore  the 
reasons for preferring angular motion only t o   l i n e a r  and angular motion. 
This consti tuted the objective of t h e   P r i o r i t y  I1 runs. 
The procedure f o r   t h e s e   P r i o r i t y  I1 runs was similar t o   t h a t  of 
P r i o r i t y  I, except  that  there  w a s  only one run on each combination of 
configuration 
The p i l o t  was 
the  object ive 
and motion conditions ( 1  2 i n  a l l  for each p i l o t   s u b j e c t ) .  
i n s t ruc t ed   t o   i nd ica t e  when t o  start measuring performance, 
being t o  allow him time t o  accustom himself t o   t h e  new 
configuration. The motion conditions for each configuration were r u n  i n  
succession, i n  random order ,  d i f fe ren t  for  each  p i lo t .  In  h is  commentary 
t h e   p i l o t  w a s  asked t o  pay   spec ia l   a t ten t ion   to  the ef fec ts   o f  motion, 
i.e., t o  compare t h e  relative merits of the three motion conditions. All 
runs were recorded on FM for   poss ib le   l a te r   ana lys i s .  ' 
The P r i o r i t y  I11 runs had the objective of determining the motion simu- 
lator lags tolerable for simulators having only angular degrees of freedom. 
Configurations 4 and 6 were used; Subjects EF and RG were used i n   t h e  
experiment. In these runs the subjects were not informed of the nature  
of  the changes i n   t h e  motion fideli ty filters, and were asked t o   i d e n t i f y  
any changes they could discern. No FM recordings were taken. 
The P r i o r i t y  IV runs had the objective of obtaining eye-point-of-regard 
data. The procedure was i d e n t i c a l  t o  that  of t h e  P r i o r i t y  11 runs, except 
t h a t  two runs for Configurations 1, 4, and 6, and one run for Configura- 
t i o n  3 was made for  Subjects  EF and GB f o r  a l l  t h ree  motion conditions. 
Subject RG only flew Configurations 1 and 6 because of limited time. All 
runs were recorded on FM with the two EPR data channels later being played 
back on high-speed s t r i p   c h a t s   f o r  data reduction. 
C. DATA REDUCTION 
The raw data obtained i n  t h i s  experimental program consists of t he  
following: 
0 
0 
0 
0 
0 
Magnetic tape recordings (voice) of pilot opinion 
and comentary for each run. 
Performance measures (see subsection A-7)  f o r  each 
experimental run, as well as the  ttwarm-uptt runs. 
Magnetic tape recordings (FM) of the major motion 
vaxiables (disturbance inputs, control deflections, 
and displayed variables) as well as t h e  EPR data f o r  
the P r i o r i t y  IV runs. 
Strip chart  recordings of these variables plus  simu- 
l a t  or  mot ions . 
' High-speed (30 mm/sec) s t r ip  char t  recordings of 
t he  EPR data.  
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The o r ig ina l   i n t en t  was t o   r e l y  on p i l o t   c m e n t a r y   t r a n s c r i p t i o n s ,  
pi lot  opinion and performance, together with the results of the   p re-  
experimental analysis (Appendix A )  fo r  va l ida t ion  of the multimodality 
p i l o t  model by inference, i.e., comparison of actual versus predicted 
performance and opinion. The results obtained did not contradict the 
model, but did preclude a point-by-point camparison (Section 111). Con- 
sequently, it was decided t o  reduce some of t he  EFR data from the high.- 
speed s t r i p   c h a r t s  and perform limited describing f'unction analysis on 
a few of t h e  P r i o r i t y  N runs. The EPR data was reduced using the tech- 
niques described in Ref. 3, while the describing functions were obtained 
by NASA-Ames personnel using the methods described in Ref. 1 1 .  
SECTION I11 
PERFORMANCE DATA AND PILOT  COMMENTARY 
In the course of training and early experimental runs, it was possible 
t o  make certain quali tative assessments of t h e  manner i n  which the  three  
subjects "flew" the simulated VTOL. These evaluat ions are  set  down by way 
of an introduction to   t he   d i scuss ion  of the  data .  
All t he  sub jec t s  f e l t  t ha t  a t t i t ude  con t ro l  was of primary importance. 
Poor control  of a t t i tude leads to  rapid divergences in  posi t ion which cannot 
be arrested with a high degree of confidence. Thus a l l  subjects controlled 
at t i tude closely with looser  control  of  posi t ion.  The key c r i t e r i o n  
expressed by the subjects was t o  maintain att i tude excursions (as seen 
on the  a t t i t ude  ba l l )  w i th in  p lus  or minus 5 t o  10 degrees ( + I  or 2 degrees 
of simulated VTOL att i tude changes).  Alti tude control was regarded as of 
t e r t i a r y  importance. 
Three different techniques were used in  the  con t ro l  of a l t i t u d e .  EF 
tended t o  use rather  large col lect ive posi t ion changes to  a f f ec t  con t ro l .  
In fact ,  he caused the simulator to shut down on one or two occasions in 
the course of his  t ra ining runs- the large col lect ive def lect ions coupled 
with the second-order lead canpensation of the simulator's vertical axis, 
caused acceleration overloads. The r e s u l t  was t h a t  EF complained of jerky 
collective response which he f e l t   t o  be "disconcerting." Warned of  th i s ,  
RG used h is  "sea t -of -pants"  fee l  to  regula te  the  magnitude of his  col lec-  
t ive inputs .  Subject  GB adopted a technique where he would "hunt" f o r  a 
"centered" collective position which would r e s u l t   i n  subsequent a t t i t u d e  
deviations within a couple of f e e t .  When he couldn't find it, he tended 
t o  down rate  the configurat ion.  Further ,  his  col lect ive def lect ions were 
very small, and he couldn ' t  feel  the ver t ical  motion.  Presumably, one 
could expect  less  re l iable  pi lot  performance and rat ings from th is  subjec t  
as a r e s u l t  of his technique. 
All sub jec t s  f e l t  t ha t  t he  f i r s t  run of t he  day, moving base with both 
angular and l i nea r  motion, t o  be "strange", r 'disconcertingl' ,  etc. Further, 
i n  t he  t r a in ing  and early experimental runs, there were frequent episodes 
of hi t t ing the s imulator  limits i n   t h i s  motion condition (but not violently 
enough t o  cause simulator overload and shutdown). When t h i s  happened, 
the cues were regarded as very disconcerting-there i s  a j e rk  when 
h i t t i n g  t h e  limits, and another when coming off.  The noise, vibration, 
and rumble of the   s imula tor   in   th i s  MBL condition was f e l t  t o   b e  
"dis t ract ing" in  a l l  cases. 
The subjects frequently commented t o   t h e   f a c t   t h a t   p o s i t i o n  
excursions in  one axis were not necessarily indicative of t he   t a sk  
d i f f i c u l t y   i n   t h a t  axis, but could also be due t o  reduced a t t en t ion  
caused by increased effort on another task. For example, l a r g e  l a t e r a l  
excursions on Configuration 3 would fa l l  into this category. Consequently 
the   overa l l  performance r e fe r r ed   t o   i n   t he   d i scuss ion  which follow i s  
taken t o  be  the rms vector  posit ion  error,   viz.  , 
and thus includes a l l  e f f ec t s .  
The r e su l t s  of several runs are averaged t o  provide an indicator of 
performance for a particular configuration, subject,  and motion condition, 
even though i n  many cases, there i s  an obvious learning trend evident. 
Averaging rms e r ro r  measures instead of (more correctly) taking the square 
root of the average variance tends t o  weight the smaller errors more 
heavily, and thus i s  c l o s e r   t o  an asymptotic performance measure, i . e .  , 
c loser   to   va lues   typ ica l  of a high  level  of t ra ining.  
With regard to   t he   s t a t i s t i ca l   s ign i f i cance   o f   t he   ove ra l l  performance 
measures presented in  th i s  sec t ion ,  the  appropr ia te  tes t  i s  the F t e s t  
for equality of variances ( R e f .  12).  This would be applied t o  each of 
the  three  mean-square e r ro r  measures , %, oy, and uz , i n  a 100 sec run 
length. The  number of degrees of freedom associated with a single run 
i s  between 3 and 10, assuming the  bandwidth of t he   p rocess   t o  be equiva- 
lent to the outer-loop crossover frequencies which vary over a range of 
0.10 rad/sec t o  0.30 rad/sec, based on the l imited describing function 
measures made (Section V ) .  The  number of degrees of freedom can be 
increased by applying the test to the average variance determined from 
several  runs with the same subject, configuration, and motion condition. 
Only a few  approximate  calculations  were  made  in  this  fashion. 
These  suggest  that  significant  overall  performance  differences  (at 
the 95 percent  level  of  confidence)  most  often  can  be  established  for 
those  configurations  having a relatively  large  number of repeated  runs, 
and  which  are  relatively  sensitive o motion  cues. For the  variance 
in  attitude,  the  larger  bandwidth  of  the  inner  loops  permit  establishing 
significances  with  fewer  runs.  It  is  concluded,  therefore,  that  the 
differences  in  performance  (as  indicated  in  this  section  by  the  average 
rms levels  of  each  variable  for  several  runs)  are  usually  significant  at 
a relatively  high  level  of  confidence  for  most  of  the  data.  The  data 
were  not  analyzed to determine  the  level of confidence  associated  with 
each  individual  pair  of  motion  conditions,  although  the  data  given  in 
Appendix A (with  appropriate  assumptions  concerning  process  bandwidth) 
is  sufficient to make  these  calculations. 
Subsections A through E illustrate  and  discuss  the  performance  data 
and  commentary  pertinent  to  each  of  the  configurations  tested. By way  of 
summary  of  these  five  subsections  for  those  readers  who  would  prefer to 
avoid  wading  through  some 30 pages  of  tables,  figures,  and  discussion,  the 
significant  (i.e.,  at  least  two,  preferably  three o  more runs included  in 
the  averaging  process)  results  are  these: 
8 The MElA motion  condition  is  rated  best  by  all  pilots 
for  all  configurations  with  performance  confirming 
this  for all but  GB,  who  is  postulated o "relax" - 
his  performance  is  worst,  his  rating  best,  in  this 
motion  condition  for  all  configurations. 
0 The MBL motion  condition  is  rated  at  an  intermediate 
level  between  the FB and MBA conditions  by  all  pilots 
for  all  configurations  with  the  exception  of  the 
easiest (Nos. 1 and 9 )  where EF and  GB  rate  the MBL
condition  worse  than FB. Pilot  performance  confirms 
this  trend. 
e The  above  trends  are  strongest  for  configurations  of 
intermediate  difficulty  (e.g. , Nos. 3, 4, and 11 ) , 
less so for  the  most  difficult  (i.e. , No. 6) , and 
least  of  all  for  the  easiest (Nos. 1 and 9 ) .  
0 Pilot  comentary indicates  the MBL condition t o  
be  subjectively  "strange,  "conf'using,  "dis- 
t rac t ing ,  e tc  ., suggesting a tendency t o  v e r t i g o  
i n  t h i s  motion condition. The MBA condition was 
subjectively better because of the "unmistakable" 
g-vector tilt cue and t h e  absence of the "dis t rac-  
t ions,"  e tc . ,  of  the MBL motion condition. 
0 The above results are largely based on Configura- 
t i o n  Nos. 1 ,  3, 4, and 6; the data base i s  too 
l imited or t he  performance/opinion differences 
from the  above "baseline" summary too  small t o  
permit drawing significant conclusions from the 
results of the other configurations tested. 
Further  interpretat ion of  these resul ts  i s  deferred to  subsect ions I 
and J. 
A .  CONFIGURATION NO. 1 
Table VI11 l ists  the averaged performance for a l l  three subjects and 
motion conditions for this,  the easiest  configuration. These averages 
(as well as similar ones for Configuration No. 6) include the performance 
measured i n   t h e  warmup runs; the warmup performance does not appear 
s ign i f i can t ly   d i f f e ren t  from t h a t  measured i n   t h e  more formal experi- 
mental runs. Relative to  the  preexper imenta l  p red ic t ions  a l so  l i s ted  
(see Appendix A )  , the experimental  results show comparable or b e t t e r  
att i tude control,  but poorer posit ion control,  especially on the alti- 
tude control task. Differences between subjects  are  a lso substant ia l  
with GB showing t igh ter  a t t i tude  cont ro l  than  the  o ther  two subjects 
and RG t h e  best control  over  a l t i tude.  These intersubject  differences 
a r e   r e f l e c t e d   i n   t h e  more diff icul t  configurat ions as w e l l .  
These performance measures and the  scatter in   t hese  measures are 
i l l u s t r a t ed  g raph ica l ly  in  F ig .  11 ,  while Table M summarizes some  of 
the  per t inent  commentary. For subject RG, both performance and p i l o t  
r a t ing  show a small advantage of e i t h e r  of t he  two moving-base conditions 
over fixed base. The advantage i n  r a t i n g  i s  roughly 0.3 of a r a t ing  
poin t .  S igni f icant  d i f fe rences  in  overa l l  performance among the  three  
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TABU3 V I 1 1  
AVERAGED PERFORMANCE, CONF1C;URATION NO. 1 
MOTION 
CONDITION 
FB 
MBL 
MEA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MEA 
FB 
MBL 
MEA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MEA 
FB 
MBL 
MBA 
RG 
0.22 
0.21 
0.22t 
0.44 
0.34 
- 
0 .bot 
0.66 
0.54 
0.34t 
____ 
2.5* 
1.8 
2.0t 
0.51 
0.36 
0 .46t 
1.7* 
1.5* 
1.4t 
0.48 
0.42 
l_l 
0 .47t 
___" 
1 .o 
1 .o 
0.9t 
2.6+ 
6.7 
3 .O* 
2.6t 
6.4 
6.4t 
1UBJFCT 
EF 
. _ _  - ~ 
0.27 
0.34 
0.36 
0.37 
0.47 
0.40 
0.52 
0.59 
0.48 
I .a 
1.9 
1 -5 
0.57 
0.64 
o .52 
1.7 
2.1 
1.7 
0.55 
0.53 
0.52 
1.7 
1.9 
1.5 
3.0 
3.4 
2.7 
4.2 
4.2 
4.1 
GB 
0.08 
0.08 
0.10 
0.20 
0.25 
0.24 
0.47 
0.52 
0.51 
2.6 
2.9 
3.0 
0.32 
0.32 
0.32 
2.3 
2.4 
2.6 
0.4: 
0.44 
0.42 
1.7 
2.0 
1.9 
4 .O 
4.3 
4.5 
4.8 
4.9 
4.5 
PREEXPERIMENTllL 
PREDICTION 
0.19' 
. . .. . - .~ , - ~ . . ~  
1 . .  0.17' 
0.38 1 0.48 
0.31' 
1 0 . 2 8 ~  
0.98 1 0.82 
0.78 1 0.68 
1 . 4  1 1.2 
J 
1 0.16 
1.7 
1 1.5 
1 
4 .O 1 2.5 
*Pronounced Learning Trend. 
Only 2 data   points .  
+Exclusive of scanning remnant. 
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'Figure 11. Performance and Pilot Rating Data, Configuration No. 1 
TAEGE M 
SUMMARY OF SUBJECT COMMENTARY, CONFIGURATION NO. 1 
TOPIC RG 
General 
t o  keep the  e r rors  minimized; you c a n ' t  Remarks 
It requires a great deal of a t ten t ion  
get it t o  s e t t l e  down. I am concerned 
about overcontrolling. 
MBL 1 The MBL condi t ion,   a t   least   he  f irst  
Motion , strange or confusing, and suggests a 'ondition 
th ing  in  the  morning, seems a l i t t l e  
l i t t l e  b i t  of vertigo. But it makes 
it a l i t t l e   e a s i e r   t o  keep the  e r ro r s  
down-I work j u s t  as hard but do 
b e t t e r .  
The  more I f l y  t h e  MBA condition, the 
FB 
!ondition 
PILOT S W E C T  
You have t o  keep r i g h t  a f t e r  it, and 
requi res  cons tan t  a t ten t ion  to  keep it 
c lose   to   cen ter .  It seems s l i g h t l y  
unstable,  longitudinally and l a t e r a l l y ,  
and appears t o  have more than a reason- 
able  lag between input and resu l t .  
The easier configurations are actually 
a l i t t l e   e a s i e r   t o   f l y   w i t h o u t   a l l   t h e  
motion. In  the MBL condition,  the 
motion l a t e r a l l y  and ver t ica l ly*  seems 
a l i t t l e  d i sconcer t ing ,  espec ia l ly  the  
doesn't help enough t o   o f f s e t   t h e   d i s -  
f i r s t  time i n  the morning. The motion 
traction of the simulator rumble 
because your excursions aren't as rapid 
on this  configurat ion.  
The angular motion alone i s  a nice 
help and very  comfortable. It gives 
you a f e e l  of pitch angle and bank 
of what the  deviation is and what 
angle, and a more M e d i a t e  indicat ion 
c o r r e c t i o n  t o  make.  But it feels a 
l i t t l e   a r t i f i c i a l   r e l a t i v e   t o   t h e  MBL 
condition, although not as a r t i f i c i a l  
as fixed base. 
It seems more s e n s i t i v e  t o  a t t i t u d e  
corrections than it does i n  t h e  MBL 
condition. 
GB 
Unless  the al t i tude error  exceeds 
t 2  ft, I don't mess with it. The 
a l t i t ude   t a sk  i s  very annoying, 
t ry ing  to  f igure  out  where the center  
point i s  ( i . e . ,  where further correc- 
tions  are  unnecessary) .t 
I don't see any advantage i n  a l l  t h a t  
motion. When you ignore  a t t i tude  for  
a l i t t l e   b i t ,  it doesn ' t  resu l t  in  such 
The l a t e r a l   m f i o n  is dis t ract ing,  but  I 
a drast ic  deviat ion as on Configuration 6. 
can ' t   f ee l   t he   ve r t i ca l  motion a t  all . t  
I l i k e  it be t te r  in  the  f ixed-base  
condition. 
I l i k e   t h i s  motion condition better 
than any other. 
*This subject uses relatively large corrections on the  co l lec t ive ,  for  a l l  configurations. 
'This subject would dawnrate a particular run i f  he couldn't  "find" the centerpoint.  
?Very small, often inadequate collective corrections are used in controlling the altitude task 
by th i s  subjec t .  
1 
" 
motion conditions are d i f f i c u l t   t o   e s t a b l i s h  because of t h e  small number 
of  runs for  this  subject .  It i s  clear that  the fixed-base condition has 
t h e  most sca t te r   p r imar i ly  as a result o f   t he   s ca t t e r   i n   t he  performance 
of the longitudinal task.  H i s  comentary suggests that  the benefits  of 
t h e  MBL condi t ion  in  improving h i s  performance outweigh the detrimental  
effects  of  ver t igo.  As his experience increased, he tended t o  p r e f e r  t h e  
MEN condition over MBL al though this  i s  no t   r e f l ec t ed   i n   h i s  performance. 
Subject EF shows negl ig ib le   d i f fe rence   in   p i lo t   ra t ing  between the  FB 
and MBL conditions, and a small preference (approximately 0.1 of a r a t ing  
po in t )  fo r  t he  MBll condition. H i s  commentary suggests a decrement i n  
the  MBL condition-apparently the vertigo and/or "distraction" of the 
simulator noise negate any motion benefits for this subject. On the  
other hand, performance improves i n   t h e  MBA condition, apparently due 
t o   t h e  absence of vertigo and the  "unmistakable" angular position cue 
as well  as the angular rate cue. 
For subject GB there  i s  a similar decrement i n  performance and p i l o t  
ra t ing  for  the  MBL cond i t ion  r e l a t ive  to  FB. The r a t ing  decrement i s  
roughly 0.1 of a rat ing point .  Presumably, t h e  same reasoning holds - 
vert igo and "distraction" outweigh the  benef ic ia l  e f fec ts  of the angular 
r a t e  cues. For the  MRA cond i t ion ,  t he  r a t ing  ( r e l a t ive  to  fixed base) 
improves by roughly 0.3 of a rat ing  point   but   the  performance deter iorates ,  
even r e l a t i v e  t o  t h e  MBL condition. If h i s  commentary i s  accepted a t  
face value, it can only be concluded t h a t   t h e  MBA motion condition pro- 
vides him with enough additionai  cues  permitting him t o   r e l a x   h i s  
attention-he can allow larger deviations with confidence because he 
knows he can catch them. 
There are o ther  fac tors  which suggest  that  this  subject  i s  atypical.  
F i r s t  i s  h i s  manner of controll ing alt i tude already described. Second, 
h i s  p i t ch  a t t i t ude  con t ro l  is  such t h a t  o8 i s  roughly equivalent t o   t h e  
angular resolution of the simulator ( a l l  performance measures are  taken 
from computed motions, not those of the simulator) meaning t h a t   h i s  
angular and angular  ra te  cues  in  pi tch are of low f i d e l i t y   r e l a t i v e   t o  
the  o ther  two subjec ts .  This  t igh ter  p i tch  a t t i tude  cont ro l  may a l s o  
re f lec t  the  pos i t ion  d isp lay  for  th i s  subjec t  which i s  "backwards" 
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r e l a t i v e  t o  an ILS display. The very t igh t  a t t i tude  c losure  impl ies  low 
rates  of  longitudinal  position  divergence  -giving him time t o  "think" 
about the reversed display ( ? ) .  In  re t rospect ,  the  decis ion to  leave 
the  posi t ion  display unchanged fo r   t h i s   sub jec t  may have been a poor one. 
I n  summary, Configuration 1 shows  much l e s s  advantage, i n  terms of 
p i lo t  r a t ing ,  fo r  moving base (MBL) over  f ixed base relat ive to  predict ions 
(Table VIII). However, t h i s  i s  i n  accord w i t h  data given i n  Ref. 7 i n  
that  the vehicle  dynamics fa l l  i n  a range where fixed base-moving base 
differences are  qui te  small. For subjects  re la t ively unfamil iar  with 
the ar t i facts ,  e tc . ,  of  moving base simulators, there i s  an apparent 
decrement due t o   e i t h e r   t h e   d i s t r a c t i o n  of the noise and rumble caused 
by i t s  motion, or due to   ver t igo-   the   g -vec tor  tilt f e l t  by t h e   p i l o t  
i s  not in  accord with the at t i tude display.  Final ly ,  in  the MBA condi- 
t i on ,  t he  p i lo t s  may use the g-vector tilt cue t o  aid in  the s imulated 
hovering task. This, plus the absence of simulator noise distraction 
may explain  the  preference  for   this  motion condition mentioned by a l l  
subjects.  
B. CONFIGURATION NO. 3 
This configuration has deteriorated longitudinal task stability 
re la t ive to  Configurat ion No. 1 .  Table X l i s ts  the averaged performance 
da ta  fo r  a l l  subjects and motion conditions. A s  with Configuration No. 1 ,  
performance achieved i s  worse than  predict ions  with  regard  to   posi t ion 
control, while attitude performance i s  comparable or better than predic- 
t ions.  Subject RG has the poorest  longitudinal task performance, 
principally because of his l imited experience with this configuration 
a t  the t ime the data was taken. H i s  data  are therefore an unsuitable 
basis for conclusions.  The performance data for a l l  subjects i s  shown 
graphical ly  in  Fig.  12 and a summary of  the  p i lo t  commentary i s  given 
i n  Table X I .  RG's commentary indicates  a preference for the MBA condition. 
For subject EF, these data indicate a r a t ing  advantage over fixed 
base of approximately 0.6 f o r  MBL, and 0.7 f o r  MEA. The overal l  perfor-  
mance  shows an even greater advantage for t he  MBA condition which shows 
up i n  a l l  three control tasks.  Note a l s o  t h a t  t h e  s c a t t e r  i n  a t t i t u d e  
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TABLF: X 
AVERAGED PERFORMANCE,  CONFIGZTRATION NO. 3 
MOTION I 
CONDITION 
FB 
0.72 MBA 
0.61 MBL 
1.33 FB 
0.66 MBA 
0.66 MBL 
1 . I 2  
FB 
0.93 MEA 
0.68 MBL 
1.19 
FB 
3.5 MBA 
3.1 MBL 
4.1 
FB 0 3 8  
MBL 
0.52 MBA 
0.37 
FB 
2.4 Mi3A 
I .8 MBL 
2.4 
". 
FB 0.42 
MBL 
0.49 MEA 
0.44 
"
FB 
1.4 MBA 
1.5 MBL 
1 . 1  
FB 4.9 
MBL 
4.5 MEA 
3.9 
FB 9 -5 
MBL 
9.3 Mi3A 
9.0 
UBJECT 
E F  
" 
I .15 
0.89 
0.96 
0.76 
0.67 
1.08 
0.83 
0.70 
0.67 
2.7 
2.5 
2.4 
0.43 
0.39 
0.34 
2.5 
2.4 
2.3 
0.56 
0.61 
0.60 
2.0 
1.9 
1.7 
4.2 
4 .O 
3.7 
7.5 
6.9 
6.8 
GB 
0 . 9  
0.70 
0.68 
0.84 
0.66 
0 3 8  
0.72 
0.76 
0.72 
2.9 
3.0 
3.2 
0.37 
0.34 
0.35 
2.9 
2.5 
2.8 
0.50 
0.44 
0.48 
1.9 
2.0 
2.3 
4.5 
4.4 
4.8 
8 .o 
7 .o 
6.1 
r PREEXPERlMENTAL 
PREDICTION 
0.80t 
0.52t 
1 . I t  
1 0.68 
1.4 1 1.2 
} 0.16 
I .8t 1 1.7 
8.0 1 6.0 
*Only one run for this subject,  each motion condition. 
Exclusive of scanning remnant. 
+Predicted scanning behavior for longitudinal task, fixed 
base was such tha t  coherence matrix was unstable; thus no 
scanning remnant i s  included f o r  these figures (see Appendix A )  
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PERMRMANCE t4lTION S-T: 
VARIABLE CONDITION R G. EF GB 
0 
0 
0 
0 
0 
I C  I 
I S  I 
l0-l 
MBL 
FB 
huh 
0 
0 
0 
a (deg) 
FB 0 
hm4 0 
0 
0 
0 LzY Range of Values 
FB 
MBA 
1 I 
0 .2  0.4 0.6 0.8 1.0 1.2 1.4 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
SCALE: n 1 . 2 . 3 . 4 . 5 . 6 . 7 .   1 . 2 . 3 . 4 . 5 . 6 . 7 .  1 . 2 . 3 . 4 . 5 . 6 . 7 .  
4 . 5 .  6. 7 . a . g . 1 0 .  4 . 5 .  6. 7 . 8 .  9 . 1 0 .  4. 5 .  6. 7. 8. 9. 10. 
*Only one run for each motion condition. 
Figure 12. Performance  and  Pilot  Rating  Data,  Configuration No. 3 
TOPIC 
General 
Remarks 
MBL 
Motion 
Condition 
MBA 
Motion 
Condition 
TABm X I  
SUMMARY OF SUBJECT COMMENTARY, CONFIGURATION NO. 3 
PILOT SUBJECT 
RG 
The longitudinal task i s  a 
lo t  harder than the lateral 
task i s  on Configuration 4. 
Motion really  helps because 
it helps you avoid large 
attitude changes due t o  
disturbances. It quickens 
your response to   a t t i tude 
disturbances. 
Vertically, 1 use seat of 
pants t o  assess my collec- 
tive input. 
I can see an imprwement 
(over the MBL condition). 
I don't  get  vertigo. I 
think I use the g vector 
as an attitude cue, so I 
don't mind the absence of 
the linear cues-in fact, 
my performances i s  better.' 
T 
EF 
It ' s only slightly  unstable 
la teral ly  and very  unstable 
longitudinally-it wanted 
t o   s l i p  away from you rea l  
quick. The vertical  task 
was no problem. My primary 
attention i s  to  the  att i tude 
display, then almost as much 
to   t he  CRT (position display) 
and least  of a l l  t o   t he   a l t i -  
tude display. You can pick 
up altitude  pretty  well with 
your peripheral vision. A 
sp l i t  second's inattention t o  
attitude and i t ' s  gone. 
The motion i s  definitely a 
help. It makes it much 
easier  to  pick up attitude 
changes which might cause 
trouble. The ver t ical  motion 
cues I find disorienting 
because of the jerkiness with 
which they happen.t 
I t ' s  easier with the angular 
motion cues only  -(relative  to 
MBL) . 
GB 
With the  longitudinal  task  being more 
unstable, moving the control stick, then 
inmediately taking your correction out 
i s  more effective than just holding it. 
The fore-and-art instabi l i ty  sometimes 
throws off my lateral control. I don't 
really look at  the  altitude  display  that 
often, and when I do, it throws off my 
l a te ra l  and longitudinal control. The 
altitude  task  gives me a l o t  of trouble 
because of this .  
With the motion, it is  definitely easier 
than fixed base. I think MBL helps more 
on the intermediate configurations ( 3  and 
4) rather than the extreme-on Configura- 
t ion 1 it i s  distracting, while on  Con- 
figuration 6 it i s  alarming. 
I find it eas ie r   to   f ly  i n  the MBA 
condition. Angular cues only is 
easiest, then linear and angular, 
and then fixed base. 
1 
*It  isn ' t  for the Priority 2 run data (one run). 
t Large collective  inputs. 
performance i s  least for  this  condi t ion,  suggest ing greater  precis ion of 
a t t i tude  cont ro l .  
GB’s data  indicate  t ighter  a t t i tude control ,  but  poorer  posi t ion 
con t ro l  r e l a t ive  to  EF. I n  agreement with El?, the re  are r a t ing  advantages 
due t o  motion. However, they  a re  grea te r .  For MBL r e l a t i v e  t o  FB condi- 
t ions,  the rating advantage i s  a fill point, and for MBA r e l a t i v e   t o  MBL 
it i s  another 0.9 of a ra t ing  poin t .  But t he  W performance doesn’t 
j ibe  wi th  th i s .  We are lef% with the earrlier explanation-this subject 
relaxes when he can. 
The l imited number of runs on this  configurat ion as well  as disagree- 
ments among subjects makes it d i f f i c u l t  t o  e s t a b l i s h  a quant i ta t ive rat ing 
advantage of moving base over fixed base. It is  estimated, based on the 
data given, that  the MBA condi t ion rates  on the order of a poin t  be t te r  
than fixed base, with the MBL condi t ion  fa l l ing  in  between. The configura- 
t i o n  i s  so d i f f i c u l t   t o   f l y   t h a t  i t s  numerical rating fa l ls  a t  the high 
end of  the scale  ( recal l  the “biasing” of  the scale  discussed in  Sect ion 11) 
where re la t ive ly  la rge  d i f fe rences  in  re la t ive  ease  show up as small 
increments i n  r a t i n g .  
C. CONFIGURATION NO. 4 
Relat ive to  the easiest  configurat ion (No. 1 ) this  configurat ion of 
VTOL dynamics has  deter iorated la teral  task s tabi l i ty ,  a l though the 
deter iorat ion i s  not as great  as the  longi tudina l  task  de te r iora t ion  
in Configuration No. 3. The averaged performance and p i lo t  r a t ings  
for Configuration No. 4 a r e  l i s t e d  i n  Table XII. A s  before, the pre- 
experimental position control performance predictions are optimistic. 
For subject R G  t he  MBA condition i s  best ,  in terms of both pilot  rating, 
and performance while for  the  o ther  two conditions (only two runs) the 
performance and rat ing are  contradictory.  H i s  commentary (Table XIII) 
suggests use of the g-vector tilt cue i n   t h e  MBA condition. 
For subject EF, both  p i lo t  ra t ing  and performance agree t o   t h e  MRA 
condition being best and FB worst. The s c a t t e r  i n  t h e  MBA ra t ing  da ta  
(Fig.  13) r e f l e c t s  a change in  the  r e l a t ive  p re fe rence  of MBA and MBL 
condi t ions- in  the Prior i ty  I runs, he f e l t  MEJL t o  be best while in 
40 
TABLE XI1 
AVERAGED PERFORMANCE,  CONFIGURATION  NO. 4 
MOTION 
FB 0.1g* 
MBL 0.30' 
MRA 0.24 
.. - 
FB 0.34* 
MBL 0.58' 
MBA 0.42 
FB 0.54" 
MBL 0 .93* 
MBA 0.71 
FB 2 .o* 
MBL 2.9" 
MBA 2.7 
FB 1.59* 
MBL 0.66" 
MBA 0.61 
FB 2.9" 
MBL 2.7' 
m 1 .a 
FB o .50* 
MBL o .50* 
rn 0 .50 
FB 1 .a* 
MBL I .6* 
MEA 1.2 
FB 4 .O' 
MBL 4.3* 
MEA 3.5 
FB 9 .a* 
MBL g.o* 
MBA 8.5 
lUBJEC 
EF 
-__ 
0.33 
0 .41 
0.35 
0.33 
0.44 
0.33 ____  
0.56 
0.63 
0.47 
2.6 
2.3 
2.0 
1 .oa 
0.93 
0.77 
2.2 
1 .a 
1 .a 
0.51 
0.57 
1.6 
1 .5 
1.5 
0.64 
3.8 
3.5 
3.1 
7.5 
6 .a 
6.1 
GB 
0.08 
0 .og 
0 .og 
0.22 
0.24 
-~ 
" 
0.25 
0.52 
0.53 
0.57 
3 .O 
2.9 
3.0 
0.79 
0.61 
0 3 5  
2.6 
2.3 
2.3 
0.46 
0.44 
0.44 
2.1 
2.1 
2.2 
4.6 
4.3 
4.4 
7.3 
6 .a 
6.2 
PREEXPERIMENTAL 
PREDICTION 
0.1gt 
1 0.48 
o .3a 1 0.28 t 
0.98 
1.28 
1 .a 
} 0.16 
2.1 1 2.0 
7.0 1 5.5 
'Represents a single  run. 
Exclusive  of  scanning  remnant. 
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T 
TOPIC 
General 
Remarks 
MBL 
Motion 
Condition 
TABLE XI11 
SUMMARY OF SUBJECT  COMMENTARY,  CONFIGURATION NO. 4 
RG 
Intense pi lot  concentrat ion i s  required 
to  r e t a in  con t ro l .  In  normal instrument 
flying you have t o  scan a t  a f a i r l y  
rap id  ra te ,  bu t  th ings  a ren ' t  squi r re l ly  
l ike they are  here .  I find I have t o  
use peripheral scanning-not even 
looking at  alt i tude except peripher- 
ally.. I have more d i f f i cu l ty  wi th  the  
longi tudinal   axis   than I should. The 
att i tude-displ%y may be the cause. 
I do be t te r  in  the  la te ra l  t ask  wi th  
motion, but the difference between MBL 
and FB i s  small a s  f a r  a s  improvement 
i s  concerned. I cannot f ee l  t he  p i t ch  
degrades or  sa tur3 tes  the  ro ta t iona l .  
ra te ,   o r  even i t s  o n s e t .  Linear motion 
This may be the reason why one prefers  
MBA because of the nature of the task- 
a t t i tude control .  
m ' I am def in i te ly   us ing   the   s ide  g due t o  
Motion : leaning  for   a t t i tude and us ing  the  ro l l  
Condition i r a t e  f o r  r o l l  r a t e .  I may not  be  able 
t o  do it as well, longi tudina l ly- I  may 
be more sens i t i ve  to  ro l l  ang le s  than  to  
pitch angles from a sea t  of the pants  
standpoint. 
de te r iora t ion  i n  t h e   l a t e r a l  
' Take the  motion away and you can r e a l l y  
PILOT SUEiJECT 
EF 
The l a t e r a l  t a s k  damping jus t  doesn ' t  
seem to  be  the re ,  i t ' s  ve ry  d i f f i cu l t  
to  control.   Longitudinally it seems 
task  i s  no pa r t i cu la r  problem. I th ink  
r e l a t ive ly  s t ab le  and t h e   v e r t i c a l  
an i n s t a b i l i t y  i n  t h e  l a t e r a l  a x i s  i s  
more easi ly  control led than the same 
t o  hold  any  kind  of  stabil ized  att i tude.  
amount longitudinally.  I t ' s  impossible 
The angular and l i nea r  motion condition 
i s  more diff icul t  than with the angular  
motion only, bu t  fee ls  more comfortable 
and s l igh t ly   eas ie r   than   f ixed   base .  
The motion cues, MBA, seemed t o  be a 
more def ini te  indicat ion of what i s  
taking place. Linear motion detracts 
from the  angular  cues.  This  condition 
has a small advantage over MBL and a 
tremendous advantage over fixed base. 
~~~ ~~ ~ ~~ 
I f  anything,  the ver t ical  task is eas i e r  
without the motion (MBL) .t 
-r 
i 
I - 
I 
GB 
I have a tendency t o  ignore  the  a l t i tude  
t a sk  when I know I shouldn't because I 
know I can ' t  get  into t rouble  on it. 
Mr,tion is a def ini te  advantage-i t  warns 
you that you'd best be doing something, 
but  the rumbling around d i s t r a c t s  me. 
You can t e l l   t h a t   y o u ' r e  moving, but not 
i n  which direction. I ge t  more benef i t  
out of the way the  cab t i l t s  ( i n  " 4 )  
than the way it s l ides  from s ide  to  s ide  
( i n  mL). 
On the  la te ra l  cont ro l ,  the  cab rocking 
a l i t t l e   b i t  gave me an ind ica t ion  tha t  
I ' d   b e t t e r   t a k e  a look a t  t h ings ,  and I 
was a b l e   t o   g e t  more lead  on t h e   l a t e r a l  
motion. MBA i s  easier  than MBL. 
~~ 
1 
'This must be t rue only subject ively,  as  the EPR data shows more f requent  looks  a t  the  a l t i tude  d isp lay  than  any 
other subject, by a fac tor  of roughly 2. 
TProbably due to  th i s  subjec t ' s  co l lec t ive  cont ro l  technique  which uses  fa i r ly  large col lect ive correct ions,  
r e su l t i ng  in  a j e r e   v e r t i c a l  response of the simulator because of the lead compensation employed. 
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Figure 13. Performance  and Pilot Rating Data, Configuration No. 4 
I 
later runs t he  MEA condition was preferred (see Appendix B for t h e  run 
by run performance l i s t i n g ) .  The rating advantage i s  0.7 of a r a t i n g  
point for MEiL over FB, and another 0.7 of a ra t ing   po in t  for MBA over 
MBL. These increments are similar t o  those of subject RG. 
Subject GB's data similarly r a t e s  MBA best  (by 0.6 rat ing points  
over MBL) and FB worst (0.5 of a rat ing  point   poorer   than MBL) , however, 
h i s  performance doesn't follow this  trend. The performance decrement, 
going from MBL t o  MBA probably ref lects  t h i s  subject's tendency, observed 
on the o ther  conf igura t ions ,  to  re lax  a t ten t ion  in  th i s  motion condition. 
Considering the data and commentary for a l l  subjects for t h i s  
configuration , there appears to be a significant advantage for t he  
angular motion only (MBA) cond i t ion   r e l a t ive   t o  fixed base or t he  MBL 
condition. In terms of pilot rating, the increment i s  on the order  of 
1.4 f o r  MBA over FB, and about half   th is  f o r  MBL Over FB. 
D. CONEI(3uRATION NO. 6 
This configuration has deteriorated dynamics in  both  the  l a t e r a l  and 
longitudinal axes, and thus represents the most d i f f icu l t  conf igura t ion  
t o  fly. Table XIV l i s ts  the averaged perfomance data for t h i s  configura- 
t ion,  together with the preexperimental predictions of performance. A s  
before, position control performance i s  worse than predictions, while 
a t t i tude  cont ro l  i s  comparable t o  the predicted performance. Figure 14 
i l l u s t r a t e s   t h e   p i l o t  performance graphically and Table XV swmnarizes 
some of the per t inent  commentary. 
Subject RG shows an advantage of 0.4 of a ra t ing   po in t  for MBL 
over FB and 0.7 of a point for MBll over FB; both of which a re   r e f l ec t ed  
i n  h i s  performance i n  each task. His commentary suggests it t o  be more 
d i f f i c u l t   t o  judge the   r e l a t ive   mer i t s  of the   th ree  motion conditions 
because the simulated VTOL i s  so d i f f i c u l t   t o   f l y - t h e   r a t i n g s   a r e  a l l  
clustered near the uncontrollable end of the scale.  
For subject EF, t he  same t rends are  present .  The MBA condition i s  
best  by 1.6 rating points over fixed base, while the MBL condition rates 
a 0.8 point advantage. Performance i n  a l l  tasks follows the ratings.  
TABU X N  
AVERAGED PERFORMANCE, CONFIGURATION NO. 6 
MOTION 
CONDITION 
FB 
MBL 
MBA 
FB 
MBL 
m 
FB 
MBL 
MBA 
FB 
MBL 
m 
FB 
MBL 
m 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
m 
FB 
MBL 
MEA 
FB 
MBL 
MBA 
~ . 
.._____ ~ _ _ ~  
T 
RG 
0.85 
0.69 
0.61* 
0 -90 
0.69 
0.54* 
0.78 
0.72 
0 .58* 
3.2 
2.5 
2.1* 
0.96 
0.65* 
" 
0.66 
2.3 
2.2 
2.2* 
0.50 
0.43 
0 .43* 
1.7 
1.4 
1 .o* 
4.4 
3.7 
3.2* 
9.8 
9.4 
g.1* 
1.02 
0 .g1 
0.87 
0.99 
0.73 
0.63 
0.93 
0.73 
0.62 
3.1 
2.8 
2.7 
-.___ 
1.06 
0.73 
0.62 
3.2 
2.9 
2.3 
0.54 
0.57 
0.58 
____- 
2.6 
2.5 
2.3 
5.2 
4.8 
4.3 
8.6 
7.8 
7.0 
PREDICTION 
PREEXPERIMErn 
0.99 I 0 . 8 ~  
o 0.73 3 8  I 1 0*73 
o*68 1 } 0.97 
0.62 
1 
2.6 I 1 .a 
2.4 
2.3 1 0.16 
2.7 
4.7 I 2. 1' 
9.2 I 9-10 1 ] 8.5 
8.5 
1 
*Only 2 data  points. 
'Scanning remnant effects not included. 
f Predicted scanning behavior for longitudinal task, fixed base, was such 
tha t  coherence matrix was unstable; thus no scanning remnant included i n  
these figures (see Appendix A ) .  
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TOPIC 
General 
Remarks 
MBL 
Motion 
Condition 
ME4 
Motion 
Condition 
FB 
Condition 
-r 
TABU XV 
SUMMARY OF S K W E C T  C O M " R Y ,  CONFIGURATION NO. 6 
PILOT  SUBJECT 
RG 
You can' t  take your eye off  the at t i tude 
indicator for even half  a second. You 
have t o  use your peripheral vision to 
watch your error   s ignals  and maintain 
9 percent of your scan on attitude. 
t o  keep the at t i tude excursims as  
small as possible. 
I think the motion helps me, but i t ' s  
d i f f i c u l t  t o  assess. I f  you have an 
extreme attitude variance, you can 
fee l  the  cab pi tch engle, not the pitch 
rate, the pitch angle. It i s  d i f f i c u l t  
t o  t e l l  if  th i s   cmdi t ion  is s igni f i -  
cantly better than fixed base. It i s  
definitely not as good as with the 
angular cues only. 
I detect an improvement i n  t h i s  
motion condi t ion.  Just  the rol l  
a t t i tude  was beneficial  in helping 
me t ighten up on the Lateral tracking 
er ror .  I think the benefits  of the  
angular cues show up be t t e r   i n   t he  
l a t e ra l   t a sk .  
ET GB -c 
I t ' s  extremely unstable, longitudinally, 
and s l igh t ly  l e s s  so, l a te ra l ly .  Even 
with smal corrections it j u s t  won't 
hold any semblance of s tabi l ized att i-  
tude. Large excursions vertically occur 
because you a r e   t i e d  up with a t t i tude  
control. On this configuration you j u s t  
ge t  t i red  after awhile, and can' t  hold 
it l i k e  you should. 
With the motion, i t ' s  def in i te ly  eas ie r ,  
but i t ' s  ini t ia l ly  disconcert ing.  The 
motion makes it eas ie r   to   ca tch  up with 
attitude excursions. 
The angular cues were of tremendous 
value t o  me in   control l ing  the  osci l la-  
tory longitudinal task.  You can f e e l  
it pitching and ro l l i ng - i t  f ee l s  so 
good, that  everything else feels poor 
by comparison.  With the angular cues 
only, you get  the feel ing of greatest  
s t a b i l i t y .  
I t ' s  barely controllable.  I get the 
impression that i t ' s  much more unstable 
la te ra l ly   than  it i s  with the motion 
going.  There seems to be considerable 
l ag   i n   t he  response to control deflec- 
t ions,  pr imari ly  in  pi tch,  but  a lso in  
r o l l .  
I look a t   t h e  CRT, and if  the  l i ne  is 
to   t he   r i gh t ,  I pu t   t he   s t i ck   t o   t he  
right, and then look at the  a t t i tude  
the  r igh t .  If I look a t   t he   a t t i t ude  
indicator t o  see how  much I have it t o  
indicator first, then make the correc- 
t ion,  i t ' s  too late. 
It's easier with motion, and I think 
i t ' s  because when it starts t o  m e ,  
I can ant ic ipate  that  I 've  got  to  take 
made. I t ' s  a l i t t l e  more d i f f icu l t   than  
out whatever a t t i tude  change I have 
the  ME4 condition, perhaps because the 
noise of the simulator on its t racks 
d i s t r a c t s  me. 
It f e e l s   l i k e  i t ' s  e a s i e r   t o   f l y  when 
I only have angular motion. 
*me largest scanning dwell fraction measured was for  th i s  subjec t  and configuration, fixed base ('le = 0.699). 
The rating increments are grea te r   than   for  RG probably because of EF's 
generally more opt imist ic   ra t ings.  
GB's  data i s  less consistent.  While h i s  a t t i t u d e  c o n t r o l  performance 
shows, and commentary suggests, the MBA condi t ion to  be best ,  h is  averaged 
performance shows MBA worst with negligible rating advantage Over MBL. 
H i s  commentary agrees with RG i n  tha t  t h e   r e l a t i v e  merits of t h e  three 
motion conditions are much less d i s t i n c t .  A s  with the easier configura- 
t ions,  it i s  pos tu la ted  tha t  he relaxes his a t ten t ion  in  the  angular  
motion only condition. 
Considering a l l  the Configuration 6 data, the tentative conclusion 
is  that  t he  M!3A condition i s  better than FIB By something less than a fill 
ra t ing point ,  with the  MBL condition fall ing about half'way between. The 
smaller increment due t o  motion i s  a t t r i b u t e d   t o   t h e   o v e r a l l   d i f f i c u l t y  
of t he  task. 
E, ADDITIONAL CONFIGURATIONS, PRIORITY I RUNS 
In the exploratory Prior i ty  I runs, several additional configurations 
were tested in the fixed-base condition, and in the moving-base condition 
w i t h  both l inear and angular simulator motion. The l e v e l  of t r a i n i n g  i n  
these runs i s  not very high. 
1. Configurations Nos. 9 and 11 
These configurations differ from 1 and 3, respectively,  only in 
tha t  t h e   p i l o t  was moved x) f't ahead of t he  c .g. of the  simulated VTOL. 
The purpose of these runs was t o  see if the addi t iona l  ver t ica l  acce le ra-  
t i ons  produced would affect  control .  The performance data i s  l i s t e d   i n  
Tables XVI through X M .  
On Configuration 9 for  both subjects ,  the data shows a performance 
improvement for  . the FB condition. Since there are no motion cues , t h i s  
must be due t o  random s c a t t e r   i n  performance (fixed base, one would 
expect a performance decrement, i f  anything, because of the pitch task 
cross coupling into alt i tude).  Since the performance decrement i n  the  
MBL condition relative t o  Configuration 1 i s  of smaller magnitude 
than the performance improvement, FB, one can similarly conclude the 
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TABLE XVI 
CONFIGURATION  NO. 9 PERFORMANCE DATA, SUBJECT EF 
MOTION 
CONDITION 
- ~- " "- . .  
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
"_ ~ " ~ .  
"" " . "- 
". - - 
_. 
". ~.._  _" . i 
A " -. -. - . 
_____;-I ._ . . - . 
_" 
__- 
~~ 
~ 
0.57 
0.64 
I 
CONFIG.  9 CONFIG. 9 
10 DEC. 1969 I AVERAGE ____ . - . -. - -
59 
57 
0.214 
~- 
0.375 
0.394 
0.616 
0 -529 
0 - 777 
1.559 
2.41 9 
0 A53 
0.730 
1.536 
. . . . - - -. - 
"_ 
." .- " 
1 .a43 
0 . 4 9  
0.474 
1.783 
2.310 
2.823 
.. _l_l 
3.819 
3.5 
4.5 
~ ~~~~ 
60 
58 
0.226 0.22 
0.432 
0.38 0.364 
0 .bo 
0.638 0 -63 
0.443 0.49 
0.717 
2.2 1 .go8 
1.3 1 .loo 
0.75 
0.544 0.60 
0 .959 o .a4 
1.552  1.5 
- 
2.288 2.1 
0.515 
0.51 0.5% 
0.50 
1.584 
2.3 2.260 
1.7 
2.476 2.6 
3.739 
4.3 4 .O 
3.5 3.5 
3.8 
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TABLE X V I I  
CONFIGURATION NO. 9 PERFORMANCE  DATA, SUBJECT GB 
I I T MOTION I CONFIG. 1 I CONFIG. 9 
CONDITION AVERAGE 12 DEC . 1969 
F B  
MBL 
MBA 
F B  
MBL 
MBA 
F B  
MBL 
MBA 
F B  
MBL 
MBA 
0.08 
0.08 
0.10 
0.X) 
0.22 
0.24 
" 
0.47 
o .52 
0.51 
F B  
MBL 
MBA 
2.6 
2.9 
3 .O 
2.191 
3.233 
F B  
MBL 
MBA 
0 3 2  
0.32 
0.33 
0.296 
0.298 
= 
104 
106 
o .092 
0.087 
0 .205 
0.237 
"" I 
0.436 
0.539 
"" 
2.493 
2.695 
" . ~- - -  
0.372 
0.313 
~- 
2.360 
2.269 
0.486 
0.503 
_I- 
1 .TO4 
2.439 
" 
3.832 
4.285 
- 
4 -5 
4.5 
- 
CONFIG. 9 
A V m G E  _ _ ~  ~ _ _  
- - 
0.07 
0.07 
0 .05 
0.17 
_ .  ~ 
0.23 
0.18 
0.38 
0.56 
0.38 
2.3 
.... - .- 
3.2 
2.3 
0.34 
0.35 
0.32 
2.3 
2.4 
. .-. 
~~. 
3.1 
.- _I 
0.45 
0.49 
o .44 
1.7 
2.2 
2.3 
3.7 
4.6 
4.5 
4.8 
5.1 
5 -0 
" . "" "_ 
I 
- 
" . "_ 
*These runs at  subject' s request. 
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TABLE X V I I I  
CONFIGURATION  NO. 1 1 PERFORMANCE  DATA, SUBJECT EF 
i 
PERFORMANCE 1 VARIABLE T 
I 
MOTION I I 11 DEC. 1969 CONFIG. 11 CONFIG. 11 CONDITION 1 AVERAGE 7-iaMBL 
7 
T-p 
0.662 86 
FB 1.15 1.128 
MBL I .08 I .129 
FB 0.96 o .81 I 
MBL 0.76 0.660 
FB 2.7 1.844 
MBL 2 -5 
0.364 MBL 0.39 
0.483 FE3 0.43 
2.758 
2.238 
2.730 
FB 0.56 
2.185 MBL 1 -9 
2.234 FB 2 .o 
0.710 MBL 0.61 
0.663 
FB 4.2 3.660 
MBL 4 .O 4.454 
FB 7.5 7 .o 
MBL 6.9 7 .o 
.~ 
0.914  0.79 
0.703  0.69 
3 3 2 0  
0.38 0.404 
0.42 0.351 
2.6 2.431 
2.7 
2.217 2.2 
1.776 2.3 
0.672 0.67 
0.663 0.69 
2.563 2.4 
2.073 
4.3 4 -886 
2.1 
4.1 3.655 
7.5 7.3 
6 -5 6.8 
TABLE XIX 
CONFIGURATION  NO. 11 PERFORMANCE  DATA, SUBJECT GB 
PERFORMANCE  MOTION 
CONDITION 
CONFIG.  3 
AVERAGE 
0 .go 
0.70 
0 -84 
0.66 
0.72 
0.76 
2.9 
3.0 
0.37 
0.34 
2.9 
2.5 
0.50 
0.44 
1 -9 
2.0 
4.5 
4.4 
8 .O 
7.0 
CONFIG. 11 CONFIG. 1 1 
10 DEC . 1969 AVERAGE 
49 
51 
0.860 
0.685 
0.814 
0 .624 
0.765 
0.676 
3 .a7 
2.378 
0 .420 
0 .354 
3.301 
2 3 2 8  
0.504 
0 .395 
1.814 
1 -173 
4.947 
3.663 
8.5 
" 
8 .O 
50 
52 
0.951 
0.681 
0.897 
0.684 
0 .829 
~. 
0.81 1 
2.939 
3.022 
0.41 9 
0.339 
2.757 
2.207 
~ 
" 
0.497 
0.507 
2.075 
2 -095 
4.523 
4.288 
7.5 
6.5 
. - "  -~ 
~~ 
0 .g1 
0.68 
0.86 
0.65 
0.80 
0.74 
0.50 
0.45 
d i f f e rence  to  be  da t a  sca t t e r .  On this basis,  the Configuration 9 data 
was t r ea t ed  as being similar t o  Configuration No. 1 i n  a l l  t he  performance 
averages. 
For Configuration 11, EF shows a decrement re la t ive  to  Conf igura t ion  3 
in  bo th  the  FB and M6L conditions. The decrement i s  small and is  a t t r i bu ted  
t o   d a t a   s c a t t e r - c e r t a i n l y  no significance can be attached t o  it i n  v i e w  
of t he  small number of runs. For subject GB, there  i s  a performance 
improvement, MBL, and a decrement, FB over the averaged Configuration 3 
data.  This "trend" would suggest  that  this  subject  may be using ver t ical  
acceleration cues. On the other  hand, the performance achieved and t h e  
p i l o t   r a t i n g   o b h i n e d   f o r   t h e  two moving-base runs disagree (poorer 
performance had a bet ter  ra t ing)  suggest ing that  the subject  was working 
harder  than  usual  for him on the  run where the best performance was  
achieved.  Consequently, t h i s  t r e n d  i s  not  judged s ignif icant  and the  
Configuration 1 1  data was lumped with the Configuration 3 data i n   t h e  
performance averages. 
One concludes tha t  s ign i f icant  "i?, effects" cannot be established by 
the limited data sample taken. This i s  reasonable in view of t h e  r e l a t i v e l y  
small excursions in  pi tch- there  i s  l i t t l e  discernible difference between 
a,=O and J , = Z I  as far as t h e  p i l o t  i s  concerned with the  small p i t ch  
angles ,  veloci t ies ,  and accelerations experienced. Certainly the effect  
i s  negl igible  with regard to  i t s  influence on v e r t i c a l   t a s k  performance 
because of the low a t ten t ion  leve l  on tha t  t a sk .  On one occasion during 
the training runs,  the value of i?, was del iberately changed several times 
between the  two values of 0 and 20 ft on a moving-base run with no dis- 
cernible   difference  to   the  pi lot-he  could  barely  detect   the  momentary 
t r ans i en t  and couldn't detect any difference between the  two configurations. 
2. Configurations Nos. 2 and 5 
These configurat ions are  intermediate  in  longi tudinal  task diff icul ty  
between 1 and 3, and 4 and 6, respectively.  The data for  these runs is  
l i s t ed   w i th  averaged performance i n   t h e  easier and more d i f f i c u l t   t a s k s  
i n  Tables XX through XXIII. Most of the data fa l l s  a t  an intermediate 
l e v e l  between the  two extremes, the outstanding exception being GB's 
TABLE XX 
CONFIGURATION NO. 2 PERFORMANCE DATA, SUBJECT EF 
(5 Y FB 2.5 2.4 1.681 3.231 1.7 
(fi) 
4 .O 3.1 2.924 3.326 3.4 MBL (ft) 
4.2 3.9 3.160 4.689 3.0 FB sp 
1.9 1.2 1 .lo1 1.398 1.9 MBL (fi) 
2.0 1 -9 2.032 1.745 1 *7  FB OZ 
0.61 0.41 0.387  0,425 0 -53 MBL ( f-t/sec 1 
0.56 0.41 0.450 0.361 0 3 5  FB OW 
2.4 2.1 1.832 2.447 2.1 MBL 
PR FB 7.5 6 .o 6 .O 6 .o 4.2 
MBL 6.9 5 - 3  5.5 5 00 4.2 
i 
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TABLE X X I  
CONFIGURATION  NO. 2 PERFORMANCE  DATA, SUBJECT  GB 
MOTION 
CONDITION 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
FB 
MBL 
.. __ - "  
CONFIG. 1 
AVERAGE 
0.08 
0.08 
0.20 
0.22 
0.47 
0.52 
2.6 
2.9 
0.32 
0.32 
2.3 
2.4 
0.43 
0.44 
1.7 
2.0 
4 .O 
4.3 
4.8 
4.9 
CONFIG. 2 1 C O k I G .  2 CONFIG. 3 ~~ ~~~~~~ 
12 DEC. 1969 AVERAGE 1 AVERAGE 
93 
95 
0.329 
0.384 
0 .420 
0.430 
0.660 
0.650 
2.942 
2.576 
" 
0.327 
0.378 
2.381 
2.360 
0.367 
0.513 
1.439 
2.378 
4.049 
4.226 
5.5 
5 -5 
0.435 
0.361 
0.697 
0.430 
 
o'68 1 0.76  0.54 0.72 
3 .Oh8 
0.37 0.38 0.425 
3.0 2.0 1.41 1 
2.9 3.0 
0.275 0.34 0.33 
2.828 2.9 2.6 
2.379 2.5 2.4 
0.513 
0.498 
0.50 0.44 
4.5 4.4 4.778 
2.0 2.3 2.212 
1.9 1.9  2.355 
0.44 0.51 
3.542 
7.0 5.3  5 .o 
8 .O 5 -8 6 .O 
4.4 3.9 
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TABLE XXI 
CONFIGURATION NO. 5 PERFOFWINCE DATA, S U B J E C T  EF 
PEXFORMANCE MOTION 
VARIABLE CONDITION 
N o .  
CONFIG. 4 
AVERAGE 
0.33 
0 .&I 
0.33 
0.44 
o .56 
0.63 
2.6 
2.3 
1.08 
0 -93 
2.2 
I .8 
0.64 
0.51 
I .6 
1.5 
3.8 
3.5 
7.5 
6.8 
C O N F I G .  5 
9 DEC. 1969 
31 
33 
0 .498 
0.555 
0.747 
0.695 
0.815 
0.768 
1.777 
2.474 
0.615 
0.993 
2.436 
2 793 
0.559 
0 .491 
2.573 
2.370 
3.965 
4.421 
6.5 
6 .o - 
32 
34 
0.541 
0.509 
0.701 
0.584 
0.693 
0.641 
1.769 
2.272 
1.484 
1.036 
2.852 
2.718 
0.523 
0 -596 
2.334 
2 A53 
4.088 
~. 
_ _ _ _  
4.555 
6.0 
6 .O 
- 
f AVERAGE  AVERAGE 
0 -52 
0.53 
0.72 
0.64 
0.75 
0.70 
1.8 
2.4 
1 .02 
0 .g1 
0 -99 
0.73 
0.93 
0.73 
3.1 
2.8 
I .05 
1 .01  
2.6 
2.8 
0.54 
0.54 
2.5 
2.6 
4 .O 
" 
4.5 
6.3 
6.0 
I .06 
0.73 
3.2 
2.9 
0.54 
0 -57 
2.6 
2.5 
5.2 
4.8 
8.6 
7.8 
TABLE XXIII 
CONFIGURATION NO. 5 PERFORMANCE DATA, SUBJECT GB 
MOTION CONFIG. 4 
CONDITION AVERAGE - 
F B  
MBL 
MEA 
F B  0.08 
MBL 
0.22 F B  
0 .og MBA 
0 .og 
MBL 
0.52 FB 
0.25 MBA 
0.24 
MBL 
3.0 F B  
0 37 MBA 
0.53 
MBL 
0.79 F B  
3.0 MBA 
2.9 
MBL 
0 -55 MEA 
0.61 
F B  
0.44 MBA 
0.44 MBL 
0.46 FB 
2.3 MBA 
2.3 MBL 
2.6 
FB 
4.4 MBA 
4.3 MBL 
4.6 FB 
2.2 MBA 
2.1 MBL 
2.1 
F B  
6.2 MBA 
6.8 MBL 
7.3 
CONFIG. 5 
12 DEC . 1969 -
109 
107 
1 1 1 *  
0.349 
0.450 
0.389 
0.421 
0.474 
0.396 
0.630 
0 .585 
0.639 
2.547 
2.423 
2.713 
0.904 
0 .762 
0 .469 
2.227 
1.985 
2.338 
0.447 
0.464 
0.471 
2.476 
2 -479 
2.612 
4.192 
3.992 
4.432 
8 .O 
6.0 
6.5 
. .  -
110 
108 
112* 
0.415 
0 .bo> 
0.372 
0.441 
0.397 
0 .bo1 
0.668 
0.559 
0.640 
3.020 
2.460 
2.574 
1 .005 
0.696 
0.544 
2.236 
1 .go3 
1.876 
0.426 
0.419 
0.468 
1.980 
1.71 6 
2.248 
4.248 
3.552 
3.898 
8 .o 
6.0 
6.5 
CONFIG. 5 
AVERAGE 
0.33 
0.43 
0.38 
0.43 
0.44 
0 .40 
0.65 
0.57 
0.64 
2.8 
2.5 
2.6 
0.95 
0.73 
0.51 
2.2 
1.9 
2.1 
2.2 
2.1 
2.4 
4.2 
3.8 
4.2 
8 .o 
6.0 
6 -5 
CONFIG. 6 
AVERAGE 
1.06 
0.77 
0.67 
0.99 
0.73 
0.58 
0.97 
0.81 
0.71 
3.1 
2.8 
3.1 
0.94 
0.68 
0.62 
2.6 
2 . 3  
2.5 
2.4 
2.3 
2.7 
4.7 
4.3 
4.9 
9.2 
8.5 
8.5 
*These runs at subject's request. 
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data for Configuration 5 .  Here, performance i s  be t t e r  t han  e i the r  
extreme, both overall  (odisp) and in  the  long i tud ina l  and lateral t a sks  
(ox and uy). A possible  explanat ion for  this  l ies  i n  the  run sequence 
causing a change i n  the subject ' s "set. Earlier i n  the day, Q3 " f l ew"  
Configuration 6 wherein the value of the roll damping was (inadvertently) 
s e t   t o  zero, making it more d i f f i cu l t  t han  No. 6. This caused him t o  
come very close to  losing control  (he did lose  cont ro l  on one of the 
fixed-base runs). He wasn't informed of t h e  e r r o r  u n t i l  a f t e r  t h e  con- 
clusion of the runs that  day. Consequently, he probably increased h i s  
e f for t s  subs tan t ia l ly  when next confronted with a diff icul t  configurat ion,  
i n  t h i s  case, No. 5 .  
RG flew Configuration No. 5 in  the course of h i s   t r a i n i n g  when "working 
up" t o  No. 6. H i s  comment (see Table X x r v )  was similar t o  o t h e r  remarks 
made la ter ,  concerning the relat ive diff icul ty  of  the roll and p i t ch  tasks. 
On t h i s  configuration, the pitch damping i s  greater  than the roll damping. 
Considering the display differences, and differences in the control sensi-  
t ivi ty  (and s imulator  motion differences such as angular resolution and p i l o t  
l oca t ion  r e l a t ive  to  the  motion axis,  as wel l  as pi lot  physiological  
differences) between p i t c h  and roll one has several possible reasons as 
t o  why the longi tudinal  task r a t e s  as more d i f f i c u l t   t h a n   t h e   l a t e r a l  
task. The obvious difference i s  the  d i f fe rence  in  task damping, but  the 
display (and other) differences also contribute.  
3. Configuration No. 8 
This configuration has deteriorated vertical  task s t a b i l i t y  and low 
cont ro l  sens i t iv i ty  re la t ive  to  Conf igura t ion  No. 1 .  The performance 
data f o r  t h i s  configuration i s  l isted i n  Tables X X V  and XXVI. It i s  
c l ea r  that f o r  EF, motion apparently i s  an advantage , unlike the 
si tuation for Configuration No. 1 .  There  were  two reasons for t h i s  
mentioned by the subjects. First, an abrupt collective deflection could 
be f e l t ,   t o   t h e   l e a d  compensation of the simulator motion- if  large 
enough it could be f e l t  as a j o l t  and ac t ed  to  inh ib i t  l a rge  co l l ec t ive  
deflections.  (Note: The col lect ive  control  i s  such t h a t  it rexlains 
wherever it is set- thus the def lect ion time history looks like a 
Config. 2 
Config. 5 
Config. 8 
r 
TABU  XXN. SUMMclRY OF SUBJECT COMMENTARY, CONFIGURATIONS 2, 5 , AND 8 
RG 
(No runs on th i s  configuration.) 
I can see an improvement, moving 
base. The pilot capensation 
required was a bit   less.  
(Training run. ) 
I seem t o  have more trouble with 
the longitudinal or the pitch 
task. It i s  harder because of 
the way the  display i s  set up- 
I think you can degrade further 
i n  roll and s t i l l  control it t o  
a certain degree than you can in  
pitch . ( Training run. ) 
(No runs on th i s  configuration.) 
PILOT SUBJECT 
EF 
By keeping my attitude excursions 
within +5 deg on the attitude 
bal l  (21 deg simulator motion) , it 
was very controllable. It was 
more unstable longitudinally than 
laterally. 
The instability i s  aggravated with 
the  lack of motion-the more 
difficult the task, the more the 
motion seems t o  help. 
It required a lo t  of concentra- 
tion, both longitudinal and 
lateral tasks were difficult. I 
seemed t o  have more difficulty 
with the roll task. The vertical 
task more or less took care of 
i tself  with minimal attention. 
The collective response i s  quite 
sluggish, but seems unstable i n  
the sense that once you get an 
oscillation going it i s  hard t o  
get it bracketed. 
The collective task detracts from 
the longitudinal and lateral 
control. 
You get some rather disconcerting 
motion cues when you hit  the 
simulator limits, then jerk off 
these limits. If you  can  keep it 
within the limits, then the motion 
cues are helpful. 
The fore-and-aft task was the one that 
was varying (i.e. , deteriorated  sta- 
b i l i ty ) .  I cannot find a zero on the 
collective task, or a point where the 
excursions will stay  within i2 ft. 
You don't get the real advantages of 
motion unt i l  you get t o  the more diffi-  
cult configurations. .On the easier 
ones it i s  more distracting than bene- 
ficial,  especially  the  lateral motion. 
~ ~~ ~ ~ 
The rate of display movement has a lo t  
t o  do with haw much correction you put 
in-a rapid movement requires a large 
correction. 
I get a definite  benefit with the MBL 
condition- several times I fe l t  it 
move, and my eye was directed to  the 
CRT . 
I like  the MEA condition the  best. 
~ ~~ ~ 
The moving base (MBL) condition i s  
easier. The collective task i s  the 
same either way, but on moving base 
my body t e l l s  me  when things are 
starting  to change in the longitudinal 
and lateral  tasks. 
I can't feel it go up and d m ,  even 
with these large excursions; the only 
time I can feel  it i s  when I make an 
abrupt change  on the collective. Then 
I can feel  it jump. 
I 
TAEKW3 XXV 
CONFIGURATION  NO. 8 PERFORMANCE DATA, S U B J E C T  EF 
CONFIG.  8 
9 DEC. 1969 
CONFIG.  8 
AVERAGE 
~ .., . - 
PERFORMANCE  MOTION 
VARIABLE  CONDITION 
N o .  MBL 
CONFIG.  1 
AVERAGE 
-. . . . -. . .. . . - . ~ ~ ~ ~ 
28 
30 
0.260 
0.312 
0.51 2 
0.469 
0.745 
0.612 
2.449 
2.108 
0.563 
0 .428 
2.1 18 
1.545 
1.103 
0.847 
3.742 
2.703 
4.947 
3.761 
7.0 
5 .o 
~ ~. 
27 
29 
0.316 
0.324 
0 341 
0.543 
0.812 
0.728 
2.376 
2.814 
0.727 
0.639 
1.694 
1.922 
1.308 
1.515 
4.043 
4.713 
4.986 
5.81 7 
7.0 
8 .O* 
0 .27 
0.34 
0.29 
0.32 
0.37 
0.47 
0.53 
0.51 
0.52 
0.59 
0.78 
0.67 
1 -8 
1.9 
2.4 
2.3 
0 -57 
0.64 
0.65 
0.53 
1.7 
2.1 
1.9 
1.7 
I Ow I FB 0 -55 
0.53 
1.21 
1 . 1 8  
3.9 
3.7 
3 .O 
3.4 
5 .o 
4.8 
I P R  I FB 4.2 
4.2 
7 .o 
6.5 
TABLE XXVI 
CONFIGURATION  NO. 8 'PERFORMANCE  DATA, SUBJECT  GB 
t 
MOTION  CONFIG. 1 CONFIG. 8 CONFIG. 8 
CONDITION AVERAGE 12 DEC. 1969 AVERAGE 
.  - - - . . - . . - 
~~~ ~ ~ 1 
FB 
MBL 
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ser ies  of  s teps  of  random amplitude and timing.) Second, both subjects 
f e l t  that   the  presence  of motion enabled them t o  pay less a t t e n t i o n   t o  
the longi tudinal  and l a t e ra l   t a sks ,  and devote more time t o   t h e   v e r t i c a l  
task.  
However, ( 3 ' s  data doesn' t  confirm this trend-the MBL condition 
shows a performance decrement in both   the   ver t ica l   cont ro l   t ask  and 
overall performanee for both Configuration 1 and 8. In any case, both 
s u b j e c t s   f e l t   t h a t   t h e   v e r t i c a l   t a s k  was s t i l l  minor r e l a t i v e   t o  lateral 
and longitudinal tasks. One concludes tha t  the  da ta  taken  i s  insuff ic ient  
t o   e s t ab l i sh   t he   bene f i t s  ( i f  any) of l i n e a r  motion on control of a 
l i g h t l y  damped ver t ical   control   task  having low cont ro l   sens i t iv i ty ,  
probably because the other tasks are so demanding. 
F .  PRIORITY I11 RUNB 
The in ten t  in  these  runs  was t o  define the permissible lags in the 
simulator motion which a re  to le rab le  in  the  s imula ted  task .  The time 
constant of a low-pass f i l t e r  was var ied- the  f i l t e r  ac t ing  only  on 
the simulator drive signals.  The experiment was run i n  t h e  MEA condi- 
t i o n  on Configurations 4 and 6. The procedure called for two runs with 
the lag equal  to  zero,  then several  more with varying amounts of lag.  
A summary of the per t inent  comments and t h e   p i l o t   r a t i n g  i s  given in  
Table XXVII. Configuration 4 i s  l i s t e d  first, then  Configuration 6. The 
e f f ec t s  on performance, shmn in  F ig .  '13, are not consistent-the mn-to- 
run s c a t t e r  i s  greater  than the effects  of  motion l a g   f o r  low values of the 
motion f i d e l i t y  f i l t e r  t i m e  c o n s t a n t .  However, there  was a sharp, definable 
drop i n  performance i n  going from a lag of 0 .2  see t o  0 .4  see for both 
subjects on Configuration No. 6. For Configuration No. 4, subject RG 
had a sharp drop in performance a t  the same l e v e l  of lag; but EF was  
more sens i t ive  to  the  lag ,  showing a subs t an t i a l  drop i n  performance 
going from 0.1 t o  0.2 see of lag.  
These r e su l t s  would suggest that both subjects were somewhat l e s s  
s e n s i t i v e   t o  motion lags than the preexperimental analyses would predict  
( i . e . ,  t ha t  0.1 see  lag  would be  s igni f icant ) .  This would suggest that  
these subjects  are  c losing the at t i tude loop a t  a samewhat lower 
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TABLE XXVII 
SUMMARY OF PILClll OPINION AND COMMENTARY, PRIORITY  I11 EXPEBIMEXP 
CONSTAN: 
TINE 
0 
0.05 
0.10 
"" ~ 
0.20 
- 
0.40 
0 
0.05 
0.10 
0.23 
0.40 
-~ - 
PR 
8.5 
8.25 
- .  
8.5-9.0 
8.5-9.0 
9-0-9.5 
9.0 
9.0 
9.0 
9.5-9.75 
GUIUECT RC 
C 0 " m R Y  
I 
The lateral  task seem more stable than 
it d3es on  No. 6. I get the impression 
the longitudinal task as the lateral. 
that  I ' m  spending just  as much time on 
It seemed a l i t t le harder to   f ly ,  
you're cutting d m  on the   ro l l  
l a te ra l ly .  I got the impression tha t  
sensit ivity.  
" - -  "" ~. . ~ - ~ -  
- . .. 
I can't see much, i f  any, difference. 
I can't see a great deal of difference. 
. -~ ~. 
I s t i l l  get the impression that the 
amount of bank angle going into the 
motion has been cut d m .  I ' m  beginning 
to notice a deterioration in the lateral 
response. 
Yes, t h a t  i s  No. 6. I t ' s  p r e t t y  bed. 
" .. 
N 1  obvious change, perhaps a sl ight 
degrsdation i n  performance. 
better or auy worse. No obvious change. 
I can't assess whether I am doing any 
?he pitch is harder t o  control than roll 
N m  I see a difference. I had t o  put i n  
large, probably overcontrolling inputs. 
I worked harder. Seems as if control 
p e r  i s  being reduced. Sluggish from 
a feel stanrtpoint. 
. . " ~ 
. "  ~~ 
PR 
5.0 
8.5 
7.0-7.5 
7.5 
8.5 
SlTaTECT EF 
COmmTARY 
Seems as   i f   there   are   very mrrmentary lags i n  
pitch and roll  motion-it would hang up very 
momentarily, then come back the way i t ' s  
supposed to.. 
It seems as though the motion damping has been 
reduced a l i t t l e  b i t ,  a slight hesitation. It 
performance. 
seemed j u s t   a   l i t t l e  slov, but not adverse t o  
The la teral   task seemed t o  have varying 
I cannot detect any change in the longitudinal 
stability-more unstable than the last run. 
task. 
d i f f i c u l t   t o  describe, but it does change the 
Laterally, the motion cues are unreliable; 
stability  characteristics.  Longitudinally it 
doesn't feel quite right either. It wouldn't 
respond.? 
." . 
. . -~ 
" ~ ... 
. -~ 
pitch  instabi l i ty  mst - I ' m  much more aware 
It f e l t  about nomal for No. 6. I fe l t  the  
of the  longitudinal  instabil i ty  after  f lying 
No. 4. 
Any changes made were very subtle. Pitch i s  
the  hole  task .  It seemed a l i t t l e   b i t  more 
stable than the last  nm.t  
- " 
were very subtle. I t ' s  very difficult  to spot 
Nothing of real significance, thlre. The changes 
changes i n  this configuration. 
in pitch. (Toward the end. ) Nov it fieems mre 
(Early in the run.) It s e m s  a  l i t t l e  more unstable 
stable than it did earlier. The change is  very 
- . .  " ~ " 
S m a l l ,  if any. 
. ~~ 
There is  a sma l l  lag i n   t h e   m m e n t - i t  seems 
m r e  unstable than the earlier runs. This run 
it was a l o t  tougher. 
*Probably a reference t o   t h e  angular resolution Of the simulator. 
?Subject commented that be had more difficulty  at   the beginning of the rn than toward the end. 
(Effects of practice? 
I .o I 
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6t 
4- 
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t 
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Figure 15. Effect of  Motion F ide l i t y  F i l t e r  Lag on Performance, P r io r i ty  I11 Runs. 
frequency-on the order of one half the predicted crossover frequency 
of 2.25 rad/sec. A t  t h e  lower crossover frequency, the effects of the 
l a g  on the  motion phase are correspondingly reduced-it takes twice the 
l a g  at half  the frequency to produce the same decrement i n  phase margin. 
During the  shakedown and ear ly  t ra in ing  runs  it became quite obvious 
tha t   the   s imula ted   t ask   d i f fe red   s t rongly  from both  predicted  resul ts  as 
wel l  as past  data i n  similar tasks .  The major d i f f e rence  l i e s  i n  the  
use of separated instrument displays. Virtually a l l  past  data (upon 
which the predict ions of such things as p i lo t  ra t ing  a re  pred ica ted)  i s  
based on use of a contact analog display as a close approach t o  VFR 
conditions. 
A t  about t he  midpoint of the experimental program, an opportunity 
? re sen ted  i t s e l f  t o  b r i e f ly  eva lua te  what these differences are.  Two 
successive moving base (MBL) runs were made, the f i r s t  under VFR condi- 
t i ons  wherein the control sensit ivit ies were increased by a factor of 
five from t h e i r  nominal values to   r e s to re   t he   des i r ed  cab angular motion 
sens i t i v i ty .  The hatch on  one side of the cab was removed. On the  next 
run, the hatch was closed, and the control gains restored t o   t h e i r  former 
values. The resul ts  of  these two runs  a re  l i s t ed  in  Table XXVIII with 
other comparable r e su l t s  and predictions.  The hovering position control 
performance improves by a f ac to r  of about three, while the vehicle attitude 
deviat ions in  pi tch increase by a similar mount.  These runs were made 
with the same level of gust excitation used throughout the program. 
This table  reveals  a much closer correspondence between the VFR data 
and overal l  performance predictions, although it i s  c lear  tha t  the  pre-  
dict ion assumes much c loser  a t ten t ion  to  a l t i tude  devia t ions  than  i s  
actual ly  the case.  The p i l o t  endeavors t o  make each of h i s  th ree  pos i -  
tion errors roughly equal-a factor not taken into account in the 
predictions.  
The major point of difference between the  VFR and I F R  runs i s  the  
much t igh ter   cont ro l  of  hovering  position  error  obtained  by  using much 
larger  a t t i tude excursions for  control  of  this  error  under  VFR conditions. 
1 
PERFORMANCE 
VARIABLE 
- .  
% 
% 
OW 
OX 
% 
U 
Y 
UW 
'sz 
disp 
PR 
U 
WLE XXVII 
VFR-IFR DIFFEBENCES, CONFIGURATION NO. 1, SUWECT GB 
MBL 
RUN 
AVERAGE* 
0.08 
0.22 
o .52 
2.9 
0.32 
2.4 
0.44 
2.0 
4.3 
4.9 
RUN 
166 
( IFR ) 
0.1 1 
0.28 
0.58 
3.1 
0.58 
2.6 
0.44 
1.9 
4.4 
4 .O 
RUN 
1 65 
(VFR) 
1.17 t 
0 .  78t 
0.40 
0.7 
0 -65 
0.8 
0.29 
0.8 
1.3 
3.5t 
PREEXPERIMENTAL 
PREDICTIONS 
0.17* 
0 -48 
0.28* 
0.82 
0.68 
1.2 
0.09 
0.16 
1.5 
2.5 
- 
UARL 
DATA+ 
1.74 
2.42 
0.75 
1 . I O  
- 
- 
- 
- 
- 
3 . 3  
*Exclusive of scanning remnant. 
'The subject commented on t h e   f a c t   t h a t  he didn ' t  have a good visual 
cue i n   p i t c h   - t h e   f r o n t  of t h e  cab was s t i l l  enclosed. 
+From Ref. 8 f o r  UARL Configuration PH 12 where gM, = 0.67, Mq = 3, 
xu = - 0 . 1 ,  Uu = 5.1, gL, = -0.1, Yv = - 0 . 1 ,  $ = -3, 
OvVg 
= 1.3, under 
fixed base cogditions using a contact analog dlsplay. 
H i s  outer loop gain and crossover frequency are higher, VFR. Under IFR 
conditions, the separated instrument displays force him t o  use a loop 
c l o s u r e   c r i t e r i a   i n  which the posi t ion error  bui ldup occurs  re la t ively 
slowly because he can't be looking a t  t he   pos i t i on   e r ro r  a t  a l l  times. 
This implies small att i tude excursions and re la t ive ly  la rge  pos i t ion  
excursions; he uses a lower outer loop gain and crossover frequency under 
IFR conditions. 
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The last column i n  Table XXVII taken from Ref. 8 i s  presented t o  
show that the current experimental  results are not unreasonable as a 
VFR task.  Precise comparisons are not possible because of differences 
between the  two tasks  , e .g. , the controlled element dynamics, gust 
exci ta t ion magnitude and r e a l  world versus contact analog display 
differences.  
I n  a n  earlier experimental  program oriented toward developing a 
contact analog display for use in hovering (Ref.  5 )  similar sor ts  of  
changes i n   t h e  performance achieved were noted when going from a conven- 
t ional  instrument  display to  the integrated display (on a TV screen).  
I n  t h i s  experiment, run fixed base,  alt i tude and la te ra l  pos i t ion  cont ro l  
improved substantially while the roll angle excursions increased when the 
integrated display w a s  used. Direct comparisons are not  possible  in  view 
of the many other differences between the current experiment and t h a t  of 
Ref. 5 (e   .g .  , controlled element dynamics, instrument configuration, e t c  . ) . 
Nevertheless it i s  c l e a r  t h a t  VFR-IFR differences are  qui te  large.  
H. EFFECT OF INPUT DISTURBANCE 
During the  same series of runs discussed above, an additional run 
was  made t o  a s s e s s  t h e  importance of the input disturbance on perfor- 
mance under IFB conditions. Table XXM l i s t s  the  r e su l t s  of that  run 
(Configuration No. 1 ,  MBL condition) together with a comparable run with 
input disturbance, and the average of a l l  runs made with this  subject ,  
motion condition, and configuration. The run with no input is  representa- 
t i v e  o f  t h i s  s u b j e c t ’ s  b e s t  e f f o r t s ,  t o  judge by h i s  commentary a t  t he  
time, “I bet  I can hold t h i s   t h i n g   r i g h t  on center . I ’  
The r e s u l t s  me clear  - the subject’s  own remnant (due t o  scanning, 
cross talk between la teral  and longi tudinal  s t ick def lect ions,  e tc . )  corn- 
W i s e s  a t  leas t  ha l f  the  performance var iable  magnitude (one quarter of the 
power) i n  a l l  three tasks with input disturbance on t h i s ,  t h e  e a s i e s t  
configuration. Presumably, t h i s  r a t i o  worsens f o r  t h e  more d i f f i c u l t  
configurations and motion conditions, and gives some idea of the 
d i f f i c u l t y  of the   t ask .  
m m  XXM 
EFFECT OF INPUT  GUST,  CONFIGURATION NO. 1, SUBJECT GB 
PERFORMANCE 
VARIABLE 
0 9 
09 
0;2 
Ox 
0 
cp 
OY 
OW 
OZ 
‘disp 
PR 
UNITS 
deg/sec 
deg 
f t / s ec  
ft 
deg 
f t  
f t / s ec  
ft 
f t  
- 
MBL 
RUN 
AVERAGE 
0.08 
0.22 
o .52 
2.9 
0.32 
2.4 
0.44 
2.0 
4.3 
4.9 
0.11 
0.28 
o .58 
3.1 
0.58 
2.6 
0.44 
1.9 
4.4 
4 .O 
~- 
RUN 
(NO INPUT) 
162 
_ _ ” ~  
0 .Oh 
0.15 
0.33 
1.5 
0.16 
0 .g1 
0.11 
0.95 
2.0 
3.0 
..  .. . ~ ~~ 
I. COMPARISON WITH PAST DATA - TIEUZSH0I.D EWECTS 
Reference 8 gives some performance data obtained in a precision 
hovering experiment conducted on the Norair simulator in both fixed 
and moving base conditions. The tasks are dissimilar,  having different 
dynamics and a substant ia l ly  different  display ( a  contact analog type 
integrated display), nevertheless, the fixed base-moving base differ-  
ences i n  performance observed in those experiments serve as comparable 
data.  
The data  comparison i s  l i s t e d   i n  Table EX, Configuration No. 3 
being chosen as the most comparable. In  view of the considerable 
differences in  tasks ,  the major point of comparison i s  i n  t h e  change 
i n  going from moving-base to  f ixed-base.  With the exception of the  
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TABLE XXX 
STI-UARL DATA COMPARISON 
" " 
1 
CONDITION 
MOTION 
vAR*LE 
(CHANGE ) 
" - 
". 
I 
PR FB 
. ." 
~~ 
UARL DATA* 
-~
PH 1 0  
3.56 
4.05 
. ~ ~ _ _ _  
+13.9 
2.18 
2.76 
+26.6 
0.91 2 
1.541 
+68.8 
I .86 
3.33 
77.5 
5 .o 
8 .o 
3.0 
~" 
PH 12 
2.44 
2.79 
+13.3 
~ ____ 
1.94 
2.26 
+16.5 
0.839 
1.259 
+50 .o 
1.83 
3.16 
72.9 
3.0 
5 .o 
2.0 
CONFIG.  
RG t 
0.66 
1 . I 2  
_- 
f69.5 
0.61 
1.35 
-__- 
+121 .2 
0.68 
1.19 
+75 - 0 
3.1 
4.1 
+32.2 
9.0 
9.5 
0.5 
EF - 
I .oa 
1.15 
+6.5 
0.76 
0.96 
+26.3 
0.70 
0.83 
+18.6 
2.5 
2.7 
+8 .O 
6.9 
7.5 
0.6 
_" __ 
"- 
NO. 3 
GB 
" ~ 
0.70 
0 . 9  
+28.6 
0.66 
0.84 
+27.2 
0.76 
0.72 71 
1 .o 
"Ref. 8, Configuration PH 10 i s  l i s t e d  as having longitudinal 
and la teral  tasks  with the fol lowing dynamics: 
a )  Longitudinal 
%g = 0.67, = - 0 . 1 ,  M = -1.0, U, = 5.1 9 g 
b )  Lateral 
It,g = - 0 . 1 ,  Yv = - 0 . 1 ,  5 = -3.0, u = 1.3 
vg 
Configuration PH 12 i s  t h e  same, with Mq = -5 .O.  
TOnly one run i n  each motion condition. 
l imited data f o r  RG, t h e  changes i n   p i t c h   a t t i t u d e   c o n t r o l   p r e c i s i o n  
( ag) a r e  comparable, while the posit ion control (ax) and p i l o t   r a t i n g  
data  are  not .  These l a t t e r  d a t a  show the current experiment t o  be much 
l e s s  s ens i t i ve  to  motion condition, even though the unstable nature of 
the  longi tudina l  task  dynamics would suggest  greater  sensi t ivi ty ,  a l l  
other things being equal. 
A t  l e a s t  a port ion of  this  difference i s  a t t r i b u t e d   t o   t h e  lower p i t ch  
and r o l l  r a t e  magnitudes in the current experiment. The p i l o t ' s  e f f e c t i v e  
vestibular system threshold in the simulator flying task ( a  f'unction of 
t he  a t t en t ion  demands made upon  him, the  "masking" e f f ec t  of extraneous 
cues such as simulator noise and vibration, as well as h i s  measurable 
vestibular system threshold) i s  exceeded a smaller fraction of the t ime 
in the curyent experiment.  In effect ,  the MBL condi t ion in  the current  
experiment i s  c l o s e r  t o  t h e  FB condition as far as vestibular sensing i s  
concerned because of t he  near-absence of a tilt cue (the simulated vehicle 
is  qui te  c lose to  being perfect ly  coordinated)  and the angular rates being 
subthreshold much of the time. 
A s  f 'urther evidence of the presence of vestibular (and utricular) 
threshold effects, Ref. I 3  describes an experiment wherein the magnitude 
of t h e  motion cues entering an angular motion simulator were progressively 
varied from a no motion condition up t o  full motion while t he   v i sua l  task 
i s  inva r i an t  ( a t t i t ude  ba l l  d i sp l ay ) .  The t a sk  was two axis (p i t ch  and 
y a w )  a t t i tude control  in  the presence of  random noise of an approximate 
1 rad/sec bandwidth introduced a t  t h e  p i l o t ' s  c o n t r o l  s t i c k  i n p u t  t o  t h e  
controlled element. The controlled element was the simulator dynamics- 
a second-order system with a wel l  damped ( 5  A0.87) response and a natural  
frequency in excess of 6 rad/sec. 
These data  indicate  that  vest ibular  and u t r icu lar  th reshold  e f fec ts  
begin  to  be evident for rms p i t ch  motions on the order of 1.5 to 2.0 deg 
(Ref. 14 ) .  For rms p i t ch  motions on the order of one degree, the precision 
of a t t i tude  cont ro l  (a t t i tude  ba l l  mot ions)  has  de te r iora ted  by 50 percent. 
The no motion condition shows a d e t e r i o r a t i o n   r e l a t i v e   t o   t h e   f u l l  motion 
(MBA) condition such that ag has more than doubled. One can conclude t h a t  
t he  small magnitude of angular motions in the current experiment i s  such 
tha t   th reshoid   e f fec ts  reduce the   bene f i c i s l   e f f ec t s  of motion in   t he  MEA 
condition on the order of 50 percent, perhaps more considering the more 
demanding nature of the task. This reduction carries Over t o   t h e  MBL 
condition as well. 
In passing, it is  noted that  the effect ive utr icular  threshold of  0.01g 
per  R e f .  1 (implies angular tilt i n  t h e  MEA condition of 0.573 deg) i s  about 
ha l f  the  rms angles experienced for the unstable configurations. Thus 
utricular threshold effects (assuming utricular cues are used i n   t h e  MEiA 
condition) are of a smaller magnitude. The simulator angular thresholds 
a re  l e s s  t han  th i s  (0.1 deg, roll; 0.25 deg, p i t c h ) .  I n  t h e  ME3A condition, 
t h e   u t r i c u l a r  cue is therefore reasonably free of threshold phenomena f o r  
the more d i f f icu l t  conf igura t ions ,  par t icu lar ly  in  roll. 
J. IMPLICATIONS OF THE PERFORMANCE DAW 
Table XXXI shows the var ious cues avai lable  to  the pi lot  in  the three 
motion conditions investigated in this program. The data presented  in  th i s  
sect ion indicate  a strong preference for the angular motion only (MRA) con- 
di t ion over  full motion (MBL). This preference is  a t t r i b u t e d  t o  t h e  absence 
of auditory cues and simulator vibration in the MRA condi t ion   re la t ive   to  
MBL, and/or the presence and p i lo t ' s  u se  of the g-vector tilt cue i n   t h e  
MBA condition. The l a t t e r  po in t  o f  view i s  confirmed by p i l o t  commentary 
taken a t  face value, while the former i s  ce r t a in ly  a f ac to r  i n  the  eas i e r  
configurations, which would ordinarily be expected t o  show l i t t l e  advantage 
accruing to  the  presence  of motion. The g-vector tilt cue as an indicator of 
a t t i tude,  present  only in  the ME3A condition, i s  apparently used by t h e   p i l o t  
i n  add i t ion  to  h i s  a t t i t ude  d i sp lay .  It can give him an a t t i tude  ind ica t ion  
when he is  looking elsewhere which can be used a t  l e a s t   t o  alert  him t o  a 
changing s i tuat ion,  and perhaps even t o  provide some measure of closed-loop 
control.  The apparent g-vector tilt experienced in the MBL condition i s  
r e l a t ed  weakly t o  a t t i t u d e  and s t rongly to  the s imulated gust  exci ta t ion.  It 
can't  help him in  cont ro l  of a t t i t u d e  and, because of the restric-t;ed visual 
world inside the simulator cab ( in  pa r t i cu la r ,  t he  absence of an approxima- 
t i o n   t o  a r e a l  
can presumably 
angular motion 
world display which would aid  his   percept ion  of   or ientat ion) ,  
l ead  to  ve r t igo .  Consequently, a moving base simulator with 
only gives  the pi lot  an additional cue not present in the 
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Moving Base, 
Angular 
Motions 
Only 
(m) 
Moving Base, 
Angular and 
Linear 
Motions 
(mL) 
TABLE XlCxI 
SIMULATOR MOTION CONDITIONS AND PILOT SENSORY MODALITIES 
Displays 
Displays 
Displays 
AUDITION 
1 . Simulator rumble. 
2. Amplidyne  whine 
(only  in  training 
and early experi- 
mental runs where 
motions are 
large) . 
V E S T I B U M  
CANALS 
Angular velocit ies 
near  effective 
threshold level. 
Angular velocit ies 
near  effective 
threshold level. 
UTRICLE 
1 . Gvector 
tilt. 
2. P i lo t ' s  
head not 
a t   c e 5 r  
of cab 
rotation 
(simulated 
c.g.)* 
1 . G-vector 
tilt only 
when linear 
motion limits 
exceeded. 
2. P i lo t ' s  head 
not a t  center 
of cab rota- 
t ion (simula- 
ted c.g.)* 
-
OTHER 
?ROPRIOCEPTIVE 
Gvector 
tilt 
1 . G-vector 
tilt only 
when linear 
motion l imits 
exceeded. 
2. Simulator 
-
vibrat.ion i n  
l inear degree: 
of freedom. 
'Therefore angular accelerations produce l inear accelerations at  pilot 's  head. 
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r e a l  world. If t h i s  cue can be used advantageously, as it apparently can 
in   the,   s imulated  task where a t t i tude   cont ro l  i s  of paramount importance 
and separated instrument displays are employed, then the results obtained 
w i l l  be   op t imis t ic   re la t ive   to  full motion simulation. 
The experimental program was  not successful in establishing the 
importance of l inear acceleration cues i n  those cases where it was 
postulated that  they could be, t h a t  is, on Configurations 8, 9, and 11 .  
In the case of Configuration 8, the  demands of the longi tudinal  and 
l a t e r a l   t a s k s   r r ~ ~ a m p "  any ef fec ts  (benef ic ia l  or otherwise) of motion 
on the  ver t ica l  t ask ,  a t  l ea s t  fo r  t he  l imi t ed  data available.  For 
Configurations 9 and 1 1 ,  t he  data base i s  again too small, f'urther, the 
angular accelerations are very low and the higher frequency (due t o  
p i t ch   a t t i t ude  changes) perturbations on the  a l t i tude  d isp lay  would be 
ignored in view of t he  minimal a t t en t ion   pa id   t o   t h i s   t a sk .  
The effects of angular motion l a g s   i n   t h e   P r i o r i t y  I11 runs are 
somewhat less than predicted.  The general  level  of performance would 
suggest att i tude loop crossover frequencies less than predicted (att i tude 
control performance i s  poorer than predictions on the more d i f f i c u l t  
configurations, as i s  posi t ion control)  implying that  the effects  of 
high frequency motion lag are less important.  
It i s  c l e a r  t h a t  VFR-IFP differences are  of  paramount importance i n  
t h i s  t a s k .  The multimodality model used i n  making the performance pre- 
dict ions was successful  in  predict ing a 5 t o  10 percent performance 
improvement i n   t h e  MBL condition over fixed base, but the general level 
of performance was much worse than predictions. This suggests that the 
loop closing criteria used and/or the pilot scanning model used i s  
f au l ty - the  p i lo t  does  not,  quantitatively, behave as predicted. The 
scanning model i n   p a r t i c u l a r  i s  a t  an ear ly  s tage  in  i t s  development, 
being based on a re la t ive ly  l imi ted  number of earlier experiments. The 
next section examines some of the eye-point-of-regard data in the l ight 
of the predicted scanning behavior. 
F ina l ly ,  the  re la t ive ly  s m a l l  fixed base moving base differences are 
a sc r ibed   t o   t he  low levels of angular rate being subthreshold much of   the 
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time. These low rates are made possible by the display scal ing used; i n  
turn  motivated by the  need for  hovering  position  performance  within  the 
bounds of the  s imula tor ' s  l inear  motion capabi l i ty  at the apparent low 
values of position loop gain adopted by t h e   p i l o t s  under IFR conditions 
with separated displays. 
74 
SECTION IV 
JEYX-POINT-OF-FEGABD DATA 
The P r i o r i t y  IV runs consisted of 55 runs made i n  two days under a l l  
three motion conditions with a l l  three subjects on Configuration Nos. 1, 
3, 4, and 6. Two of these runs were l o s t  due to  procedura l  e r rors .  O f  
t he  remaining, 25 runs were made with subject GB, 21 with EF' , and 7 wLth 
RG. Because of GB's  tendency t o  ignore the al t i tude control  task (on a t  
l e a s t  one run, no a c t i v i t y  was observed on the  co l l ec t ive )  or t o  become 
"annoyed" a t  the task when it wouldn't respond as he wanted (on several  
runs, his looks a t  the  a l t i tude  d isp lay  were observed t o  be bunched a t  
some point in the run, rather than more or l ess  evenly  d is t r ibu ted  
throughout) his EPR data was regarded as the  leas t  re l iab le  of  the  
three subjects. Consequently, the EPR data reduction effort  was con- 
centrated on the other  two subjects, although six of GB's  runs on 
Configuration No. 6 were reduced. Reference 3 describes the data 
reduction procedure used, and Appendix A describes the scanning 
behavior measures discussed i n  t h i s  s e c t i o n .  
During the course of the experiment, the subjects were observed t o  
spend most of their  t ime glancing back and fo r th  between the   a t t i t ude  
and position displays, with considerably fewer looks from a t t i t u d e   t o  
a l t i t u d e  and back again. The  number of looks between a l t i t u d e  and 
position displays was very small, perhaps once or twice in the course 
of the run. The s t r e s s  l e v e l  was such tha t  t he re  were very few blinks- 
i n  many cases, none throughout the course of a run. The looks a t  t h e  
al t i tude display are  s t rongly correlated wi th  the stepwise collective 
deflection-they would occur almost simultaneously, although there i s  
some evidence for parafoveal viewing of th i s  d i sp lay  in  tha t  def lec t ions  
of the collective occasionally occurred between looks, especial ly  for  RG. 
The overall impression gained during the experimental runs was one 
of tightly constrained, almost patterned scanning behavior with the 
al t i tude control  task receiving the least at tent ion and the   a t t i t ude  
display  the most. 
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Rigorous tests of s ta t is t ical  s ignif icance in  scanning behavior  
across motion conditions are difficult  to apply because of the l imited 
number of data points for comparison, or because of the generally non- 
normal probabili ty density f 'unctions (e .g. ,  for dwell  t imes on a pa r t i cu la r  
instrument in a given run). The t t e s t  fo r  s ign i f i can t  d i f f e rences  in  the  
sample means was applied (nonrigorously) t o  Fd across the spectrum of 
configurations, subjects and motion conditions with ambiguous r e su l t s .  
The ambiguity results from the run-to-run changes i n  scanning behavior 
not ascribable to  these differences -several  instances were found where 
two runs for identical  conditions (except t ime of day) showed highly 
s ignif icant  differences in  the mean at t i tude display dwell  t ime,  for  
example. In this section, the scanning data i s  presented in the form 
of averages across configurations and.motion conditions as being indica- 
t ive of the trends in the scanning behavior with these two variables.  
A .  SUBJECT DIFFmNCES IN SCANNING BEHAVIOR 
The averaged scanning s t a t i s t i c s   ( s e e  symbology and Appendix A f o r  
de f in i t i ons )  fo r  t he  runs analyzed are  l is ted for  each subject  in  
Table n I I .  These data  are  compiled from the individual  run s t a t i s t i c s  
l i s t e d  i n  Appendix B.  The major differences among subjects  are  most 
apparent in the attention paid to the fixed (across the spectrum of 
configurat ions tes ted)  a l t i tude control  task.  ??le look fraction, v l ,  
and the dwell  fraction, q l ,  a re  propor t iona l  to  one another because 
the mean dwell times for the three subjects are approximately equal. 
Either i s  inversely related to alt i tude performance; across the three 
subjec ts ,  the  be t te r  performance (lower value of oz) i s  associated with 
the larger dwell  fraction, as one would ex'pect. 
Other strong differences between subjects show up in  the  overa l l  
scanning frequency, fs, the attitude display scanning frequency, fs2, 
and the ( inversely related to  these frequencies)  mean a t t i tude  d isp lay  
dwell  times, Td2. The a t t i tude  d isp lay  look fract ion,  vp, i s  c lose  to  
t h e  maximum allowable value for any one display for  two of the subjects 
and s l i g h t l y  lower (implying more looks between a l t i t u d e  and posit ion 
displays)  for RG. 
- 
TABLE XI1 
SUBJECT  DIFFEE3NCES IN SCANNING BEHAVIOR 
UNITS 
-1 sec 
sec 
sec 
- 
- 
-1 sec 
sec 
"_ . " 
sec 
- 
- 
-1 sec 
see 
sec 
"- 
- 
- 
see -1 
RG ( N = 7 )  
~ _ _ _  
1.550 
0.78 
0.37 
0.550 
0 .Go  
0.713 
- -. . . . - . " . - - 
o .60 
0.10 
0.330 
0.555 
0 -550 
o .42 
0.09 
0.115 
0.1 73 
0.296 
EF ( N = 2 1 )  
1 .81.d" 
0.64 
0.23 
0.567 
0.495 
0.896" 
. 
0.51 
0.10 
0 . f78 
0.41 3 
0.747" 
0.34 
o .07 
0.052 
0.086 
0.156" 
GB (N=5)+  
1.353 
0.93 
0.49 
0.619 
0.497 
0.673 
0 -59 
0.15 
0.347 
0.436 
0.591 
0.38 
0.12 
0.033 
0.065 
0.088 
*Scanning frequency showed steady increase with time over the 
course of the Priority 4 experiment. 
tRepresents 5 runs out of the 6 analyzed, all on Configuration 
No. 6. The s ixth run showed a sharp increase in  the al t i tude 
task dwell and look fractions, with a corresponding decrease 
in the posit ion display dwell  and look fractions,  hence was 
judged atypical  and discarded in the averages. A comparison 
based only on Configuration 6 r e s u l t s  for a l l  subjects shows 
the  same trends i l lustrated here;  see Tables XXXIII and XrV. 
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The high overall scanning frequency, fs, i s  f e l t  t o  be indicative 
of  the  subjec t ' s  e f for t s  to  improve e r ro r  coherence in  the s imulated 
task.  The trend in this parameter with t ime shown by El? (see Fig.  16) 
may be an additional indication of t hese  e f fo r t s .  All the  subjects  
commented on the  need f o r  a rapid scan of the panel t o   con t ro l   t he  
simulated VTOL. The scanning frequency observed i n  normal instrument 
f lying i s  generally somewhat l e s s  t han  tha t  shown here. Reference 3, 
which gives scanning statistics during simulated instrument approaches 
(wi thout  f l igh t  d i rec tor ) ,  measured an overall scanning frequency of 
about 1 . 1  looks per second as compared with the averaged scanning 
frequencies measured here. 
The importance of t he  a t t i t ude  con t ro l  t a sk  i s  indicated by the large 
dwell and look fractions,  and the high scanning frequency associated with 
t h i s   t a s k  common t o  a l l  subjects as well as preexperimental predictions. 
However, the differences between the various subjects suggest that  a 
r e l a t i v e l y  wide range of scanning behavior can be adopted while s t i l l  
successfil ly controll ing the simulated VTOL. To judge by the  performance 
obtained that scanning behavior adopted by RG i s  probably  c losest   to  
opt imm. 
B. CONFICXLRATION D-Ea IN SCAIlNINQ BEHAVIOR 
The next most s ignif icant  factor  affect ing the scanning behavior  is  
the difference between  one configuration and the next. Tables XXXIII 
and XXXIV l i s t  the averaged scanning s ta t is t ics  for  R G  and EF f o r   t h e  
four configurations of simulated VTOL dynamics t e s t ed .  
For subject RG, it i s  clear that  Configuration No. 6 i s  more 
difficult  than Configuration No. 1 because of the greater dwell frac- 
tion, average dwell time, look fraction and look r a t e  on the  a t t i t ude  
display for  No. 6. There i s  a corresponding reduction in these variables 
for both the posit ion and al t i tude displays when going from Configuration 1 
t o  6. The pa t t e rn  i s  apparently one of devoting increased attention t o  
a t t i tude  cont ro l  as the configuration becomes more d i f f i cu l t ,  t hus  
sacrificing  precision  in  hovering  posit ion.  
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TABLE X X X I I I  
CONFIGURATION  DIFFEXENCES I N  SCANNING BEHAVIOR (RG) 
D IS PLAY 
All  
Attitude 
( e ,  CP) 
Position 
(x, Y) 
Altitude 
( z )  
U N I T S  
see -1 
see 
see 
- 
- 
see -1 
~~ ~ 
CONFIGURATION 
1 (N=4) 
" 
1.550 
0.74 
-___. "" 
0.31 
0.506 
0.443 
0.686 
- " - - - - . - . 
0.64 
0.10 
0.362 
0.366 
0.567 
0.46 
0. og 
0.128 
0.179 
0.277 
" . " ___ 
6 ( N = 3 )  
1.551 
0.84 
0.45 
- 
0.610 
0.483 
0.749 
0.55 
0.09 
0.288 
0.341 
0.528 
0.38 
0.08 
__- 
0.098 
0.163 
0.257 
. - 
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TABLE XXXIV 
CONFIGURATION DIFFEBENCES IN SCANNING BEXAVIOR (EF) 
UNITS 
-1 
" _,.i__- 
sec 
sec 
sec 
- 
- 
-1 see 
see 
sec 
~~ "- 
- 
- 
-1 sec 
see 
sec 
- 
- 
see -1 
~~ 
1 (N=6) 
~~~ 
1.764 
0.60 
0.18 
0.521 
0.494 
0.871 
0.58 
0.12 
0.413 
0.406 
0.71 6 
0.38 
0.11 
0.064 
0.096 
0.170 
- 
CONFIGURATION 
.~ 
3 (N=3) 
1 .896* 
0.61 * 
0.23 
0.562 
0.489 
0.927" 
0.48" 
0.11 
0.377 
0.410 
0.777" 
0.33 
0.06 
0.056 
" 
0.084 
0.159 
4 (N=6) 
__ 
1.899" 
0.58" 
0.19 
0.545 
0.496 
0.941" 
0.51" 
0.10 
0.401 
0.415 
0.787" 
0.32 
0.06 
0.051 
0.084 
0.160 
6 (N=6) 
1 -727 
0.74 
0-33 
0.636 
0.497 
0.859 
0.45 
0.08 
0.321 
0.419 
0- 723 
0.30 
0.04 
0.042 
0.080 
0.139 
*Gradual increase in scanning frequency over time shows up here. Last 
9 runs were Configurations 3 and 4. 
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Subject EF shows the  same t rend  in  these  var iab les  when going from 
Configuration 1 t o  6. The comparison i s  not so readi ly  made f o r  t h e  
intermediate configurations because these runs were the last  9 runs for  
th i s  subjec t  where the overall scanning frequency, as w e l l  as a t t i t u d e  
and position display scanning frequencies, were highest. This higher 
scan rate implies shorter mean dwell times than would otherwise be the 
case. But the  a t t i tude  d isp lay  dwel l  f rac t ion ,  q2, c lear ly  ind ica tes  
their  re la t ive diff icul ty-Configurat ion No. 1 i s  easiest, followed 
by 4, 3, and 6. The incremental  diff icul ty  between Configurations 3 
and 4 i s  qui te  small. The opposite trend i s  exhibi ted in  the posi t ion 
display dwell  fraction. The a l t i t u d e  d i s p l a y  s t a t i s t i c s  ( c h i e f l y  7,) 
would ind ica te  tha t  the  a l t i tude  cont ro l  task  on Configuration No. 3 
i s  more d i f f i cu l t  t han  No. 4. However the difference i s  small, and 
the number of looks ( a t  t h i s  d i s p l a y  i n  a given run) i s  limited, 
suggest ing that  this  difference i s  probably insignificant. If it 
i s  s ignif icant ,  it might be r e l a t ed  to  the  ve r t i ca l  acce le ra t ion  cues 
caused by the subject being a small distance ahead of the simulator 
p i t ch  axis -unstable longitudinal task dynamics in   t he   ca se  of 
Configuration No. 3 result i n  a s l igh t ly  h igher  leve l  of v e r t i c a l  
acceleration a t  t h e  p i l o t ' s  s t a t i o n .  T h i s  i n  t u r n  may cause him t o  
look at the   a l t i t ude   d i sp l ay  a s l igh t ly   g rea t e r   f r ac t ion  of the t ime. 
C. KITION DIFFERENCES IN SCANNSNG BEXAVIOR 
The t h i r d  most s ignif icant  variable affecting the scanning 
s t a t i s t i c s  i s  the  motion condition. The preexperimental scanning 
t raff ic  predict ions concentrated on these differences (Appendix A )  
to the exclusion of differences in configuration, and correct ly  predict  
the trend in overall scanning frequency, and at t i tude display average 
dwell time. Tables XXXV, XXXVI, and XXXVI l i s t  the averaged scanning 
s ta t is t ics  across  configurat ions for  each subject  and motion condition. 
Subject EF shows the lowest scan frequency and longest  a t t i tude display 
mean dwell time for the fixed base condition while the ME3L condition shows 
the highest  scan frequency and shortest  att i tude display mean dwell time. 
The a t t i tude  d isp lay  dwel l  f rac t ion  i s  lowest f o r   t h e  MBL condition; 
TABLE XXXV 
MOTION  DIFFERENCES I N  SCANNING  BEHAVIOR (EF) 
~ 
U N I T S  
-1 
" ~ 
sec 
sec 
sec 
~~~ 
- 
- 
see 
see 
sec 
-1 
" .  ~ .. 
- 
- 
-1 see 
sec 
see 
" 
- 
, 
sec -1 
" "" . . , ~ 
FB ( N = 7 )  
. 
1 .768 
0.68 
0.26 
0.592 
0.494 
0.872 
. "___ 
0.48 
0.10 
0.355 
0.421 
0.743 
0.35 
0.09 
0.048 
" . - - . . . " 
0.076 
0- 135 
OTION  CONDITI(  
MBA ( N = 7 )  - 
1.802 
0.63 
0.23 
0 - 559 
0.495 
0.893 
0.52 
"" "~ 
0.70 
0.383 
0.404 
0.728 
0.33 
0.06 
0.057 
0.096 
0.173 
" - ._____ 
MBL ( N = 7 )  
1.864 
0.60 
0.20 
0.549 
0.495 
0.922 
0.51 
" 
0.10 
0.396 
0.413 
0.770 
0.32 
0.06 
0.053 
0.087 
0.162 
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TABLE XXXVI 
MOTION  DIFFERENCES IN SCANNING  BEHAVIOR  (RG) 
T MOTION  CONDITION 
FIB (N=3) 
I .446 
0.88 
0.46 
0.559 
0.445 
0.640 
0.61 
0.10 
0.333 
0.372 
0.540 
0.41 
0. og 
0.102 
0.167 
0.243 
MBA ( N =  2) 
1.631 
0.70 
0.31 
0.524 
0.460 
0.750 
0.61 
0.09 
0.344 
0 - 350 
0 -570 
0.44 
"_ 
0.08 
0.129 
I 
- 
MBL ( N = 2 )  
1 .626 
0.72 
0.30 
0.564 
0.483 
0.786 
0.58 
0.10 
0.312 
0.336 
0.595 
0.43 
0.10 
0.121 
0.163 L0.182 0.295 0.280 
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TABLE XXXVII 
MOTION DIFFEmNCES I N  SCANNING BEHAVIOR (GB) 
UNITS 
sec -1 
sec 
sec 
- 
- 
see -1 
sec 
sec 
- 
- 
see -1 
sec 
sec 
see -1 
T 
FB (N=2) 
1.412 
0.90 
0.43 
0.627 
0.498 
0.704 
" 
0.55 
0.13 
0 - 337 
0.431 
0.609 
0.37 
0.1 1 
0.036 
0.068 
0 - 095 
40TION CONDIT: 
MBA (N=I)*  
" 
1 .254 
0.96 
0.61 
0.600 
0.500 
0.627 
0.68 
0.23 
0.364 
0 . 4 3  
0.537 
0.41 
0.15 
0.036 
0.071 
0.090 
T 
ME% (N=2) 
< 
1.345 
0.94 
0.49 
0.621 
0.495 
0.665 
0.59 
0.14 
0.350 
0.446 
0.601 
0.37 
0 .11  
0.029 
0.060 
0.080 
*The second run for  th i s  condi t ion  showed the shaxp increase in 
alt i tude display dwell  and look fraction, and was therefore excluded. 
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highest  for  FB, while the look f r ac t ion  i s  e s s e n t i a l l y  fixed at  c l o s e   t o  
i t s  m a x i m u m  attainable value across the spectrum of motion conditions. 
The pos i t ion   d i sp lay   s ta t i s t ics   genera l ly  show the opposite trend between 
fixed and moving base, only here the ME3A condition shows the  smallest 
look r a t e  by a small amount. The a l t i tude  d isp lay  scanning  s ta t i s t ics  
would indicate  the greatest  dwell  f ract ion,  look f ract ion,  and look f r e -  
quency for t he  MBA condition, apparently indicative of the increased 
t ime ava i lab le  for  a t ten t ion  to  th i s  task ,  or perhaps the absence of 
ver t ical  accelerat ion cues requir ing closer  visual  a t tent ion.  The 
advanta.ge of the MBA condition over MBL does not show up c l ea r ly  in  the  
da t a  fo r  t h i s  sub jec t .  Both a t t i t u d e  and a l t i tude  rece ive  more a t t en t ion  
MBA than MBL, while posit ion receives less.  Yet a l l  measured performance 
variables except pitch rate (and probably roll rate as well, although not 
measured) show MBA t o  be be t te r   than  MBL for EF. 
For subject RG, where there are fewer data points (only 2 runs), 
s imi la r  resu l t s  a re  shown for fixed base versus moving base; however the  
MBA condition has the lowest att i tude display dwell  fraction and average 
dwell time-more in accord with what might be expected based upon h i s  
performance and comentary. The MBA condstion shows the highest  dwell  
f r ac t ion  on both position and a l t i tude ,  ind ica t ive  of  the  grea te r  e f for t s  
poss ib l e   i n   t h i s  motion condition for minimizing hovering position error. 
Figure 17 graphically shows the  l ink  vec tors  and dwell  fractions for 
the last th ree  P r io r i ty  IV runs for subject RG. The width of t he  arrow 
between two instruments represents the value of the link vector, i .e.,  
the percentage of a l l  t rans i t ions  ( inc luding  b l inks)  between p a i r s  of 
displays.  The area of t he  shaded portion of the  c i rc les  represents  the  
d w e l l  f ract ion,  q, per t inent  to  the  par t icu lar  ins t rument .  There a r e  
r e l a t ive ly  few t r ans i t i ons  between instrument no. 1 ( a t t i t u d e )  and No. 4 
( a l t i t u d e ) ,  implying tha t  the  look  f rac t ion  for  the  a t t i tude  d isp lay  i s  
c lose  to  0 . 5 ,  Between 55 and 70 percent of the time i s  spent on a t t i t u d e  
for these runs; fixed base shows the  most and moving base, angular motion 
only shows t h e  l e a s t .  
Other differences in motion conditions for these same three runs a r e  
shorn in  F igs .  18 , 19, and 20 i l lustrating histograms for the dwell  t imes 
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Figure 17. Transition  Link  Vectors  and  Dwell  Fractions 
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Figure 20. Altitude Display Dwell Time Histograms 
on each of the three displays.  The att i tude display, f ixed base,  shows 
the widest variation in dwell time while the other two motion conditions 
show a somewhat narrower distribution. Both a l t i t u d e  and posi t ion dis-  
plays show r e l a t i v e l y  narrow dis t r ibut ions for  dwell  t ime for  a l l  three 
motion conditions. The a l t i tude  d isp lay  dwel l s  in  par t icu lar  a re  very  
short, especially fixed base. Dwells t h i s  sho r t  a r e  typ ica l  of monitoring, 
as opposed to  cont ro l  tasks  (Refs .  2 and 4)  and for this configuration, 
a re  ind ica t ive  of  the  subjec t ' s  re luc tance  to  spend much time away from 
the at t i tude display.  
Histograms for  the  sample in t e rva l s  fo r  t hese  same three runs are 
shown in Figs .  21, 22, and 23.  The regular i ty  of  the sample in t e rva l  
( i . e . ,  t he  t ime  in t e rva l  between success ive  in i t ia l  f ixa t ions  of the 
same display) i s  r e l a t e d  t o  t h e  remnant introduced by display scanning, 
per current theories on scanning behavior, c.f. Ref. 2 and Appendix A.  
Briefly speaking, the sampling remnant i s  r e l a t ed  to  the  p robab i l i t y  
density function for the sampling interval ,  Ts. Past experiments  have 
shown tha t   t he  measured probabi l i ty  d is t r ibu t ions  for  Ts can be closely 
approximated by one of the Pearson Type I11 modified gamma functions. 
This probabili ty density function i s  describable in terms of a variable 
skewness factor ,  n, and by a sampling var iabi l i ty  parameter ,  6, given by: 
where To i s  t h e  minimum sampling interval ,  and Ts t he  mean sampling 
in t e rva l .  
The remnant introduced by the scanning (which leads, by definition, 
t o  output power which i s  uncorrelated with the input) i s  r e l a t e d   t o   t h e  
amplitude of display motions according to: 
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where qe i s  the  e f f ec t ive  dwell f r ac t ion  (see Appendix A ) ,  u is  t h e  
rms noise level (remnant) introduced by the subject , and GJ, i s  the  m s  
level of the display motion. Thus as 6, t h e  sampling v a r i a b i l i t y  
parameter, approaches unity, meaning tha t  t he  d i sp lay  sampling behavior 
becomes more regular (i .e. ,  approaches periodic sampling), the uncorre- 
lated (with the display motion) noise introduced by the subject due t o  
scanning (residual remnant i s  not included), decreases. I n  other words, 
t he  coherence between input disturbance and output response increases 
as 6 increases with increasing regularity of sample interval .  
%I 
The data given in Figs.  21, 22, and 23 therefore  ind ica te  re la t ive ly  
low coherence on a t t i t u d e  and al t i tude control  tasks  for  the f ixed base 
case while the position display shows a relatively high coherence for 
a l l  motion conditions, highest for the MBA condition. However, t h i s  
l e v e l  i s  low re la t ive   to   the   va lue   o f  6 = 0 . 7  used in the preexperimental  
predict ions for  a l l  displays and motion conditions. This is, in  pa r t ,  
indicat ive of the poorer performance exhibited by the subjects relative 
to   t he   p red ic t ions .  
These figures also permit some qual i ta t ive judgments concerning the 
"fi t" of the histograms to the Pearson m e  111 distr ibut ion.  The a t t i -  
tude display sample interval histograms (Fig. 21) have the expected 
appearance, but the position and alt i tude displays (Figs.  22 and 23) 
have varying degrees of distortion, qualitatively speaking. In particu- 
lar Fig. 22b  shows a tendency t o  be bimodal. This may be suggestive of 
the constraining nature of the task. Certain past experiments (Ref. 2 )  
have shown significant departures from the expected sample in te rva l  d i s -  
t r i bu t ions  when another task forces a particular scanning technique 
( e  .g., a maximum allowable time away from a given display). It is  felt  
t h a t   t h i s  more de t a i l ed  examination of RG's scanning for three of h i s  
P r i o r i t y  N runs indicates,  a t  least qual i ta t ively,  that  his  scanning 
behavior i s  compatible with existing theories of display scanning, 
sampling, and reconstruction. 
For subject GB on Configuration 6, the trend in scanning behavior 
f o r  motion versus no motion shows the highest scanning frequency and 
lowest  a t t i tude display dwell times for  the f ixed base condi t ion-  
a trend  diametrically opposed t o  preexperimental  predictions  and  the 
behavior of the other  two subjects.  For GB t h e  MBA condition shows the 
lowest frequency of scan and the longest average dwell times on a l l  
three displays. However, the a t t i tude  d isp lay  dwel l  f rac t ion  would 
ind ica t e  tha t  a t t i t ude  con t ro l  i s  easiest ,  M3A, and most d i f f i c u l t ,  FB. 
This scanning behavior "correlates" with this subject's performance in 
that  bo th   a re   a typica l   re la t ive   to  the trends exhibited by the other 
subjects.  H i s  scanning as w e l l  as h i s  performance indicates that he 
relaxes when he can-there i s  no other account for his opinion that 
the MEA condition i s  easiest t o   f l y .  
D. IMPLICATIONS OF THE SCANNING DATA 
I n  view of the range of scanning behavior exhibited, both among 
subjects and f o r  t h e  same subject, configuration and motion condition 
but  d i f fe ren t  runs, it is c l e a r  t h a t  a wide range of scanning behavior 
i s  possible while s t i l l  controlling successfully, and/or that a s table  
performance l e v e l  was not achieved i n  t h e  P r i o r i t y  IV runs. In par- 
ticular, the trend in scanning frequency with time shown by EF suggests 
t h a t  an optimum is s t i l l  being sought. The data would also suggest 
t h a t  a re la t ive ly  h igh  look ra te ,  fs, i s  required for these simulated 
dynamics but   that   the   t radeoff  between a high att i tude display look 
frequency, fs2, and a long at t i tude display mean dwell time, Td2, i s  
not c lear  cut  from a subjective standpoint. One subject, EF, opted 
f o r  a generally high look rate and short  mean dwell, pa r t i cu la r ly  on 
attitude, while another (GB) went to the opposite extreme. 
- - 
The scanning data also suggest that  a t t i tude control  requirements  
largely constrain the adopted behavior. The subjects cannot stay away 
from the  a t t i tude  d isp lay  for long (Ts2 i s  r e l a t ive ly  sho r t )  and the  
visual lead generating requirements are such that the dwells must be 
of relatively long duration. These two factors  constrain the posi t ion 
display scanning to relatively short  dwells a t  frequent intervals so 
as to  obtain the dwell  f ract ion necessary for  outer  loop control .  This  
in  turn suggests  that visual  lead generat ing capabi l i t ies  for  the outer  
loops of the longitudinal and lateral control  tasks are r e l a t i v e l y  
I 
l imited.  The a l t i t u d e  task i s  monitored only orten enough to  maintain 
the a l t i t u d e   e r r o r  at a level compatible  with errors  in  the la teral  and 
longitudinal  posit ion.  7, is  therefore  small and i s  short  (because 
Td i s  long and Ts2 short) .  The o v e r a l l  t a s k  d i f f i c u l t y  is  largely a 
€'unction of at t i tude  s tabi l izat ion  requirements  -q2 increases as the 
configuration (or motion condition) increases in difficulty.  
- 
2 
These data also confirm the performance and p i l o t   r a t i n g  data i n  
that the  fixed-base condition renders att i tude control more d i f f i c u l t  
(higher q2 is  r equ i r ed )  r e l a t ive  to  moving base. However, the prefer- 
ence f o r  t h e  MEIA condition (as opposed t o  MBL) i s  not clearly indicated.  
I n  some cases the MBL condition has the longer dwells on a t t i t u d e ,   i n  
others ,  the MElA condition has the longer dwells. The data base is  
i n s u f f i c i e n t   t o  establish a clear-cut trend in scanning behavior one 
way or the  other .  
P i l o t  performance, c m e n t a r y ,  and r a t ing  data a l l  suggest the MBll 
condi t ion   to  be super ior   to  MBL because of the b e t t e r   a t t i t u d e  cue and 
t h e  reduced tendency t o  v e r t i g o  or "confusion". These reasons both 
suggest a reduced l e v e l  o f  v i s u a l   a t t e n t i o n   t o  be  possible   in  the MRA 
condition-less visual gain i s  required and he needn't check a t t i t u d e  
as much. On the other hand, the  v isua l  lead requirements might go up 
i n  the MBA condition because of the higher crossover frequencies made 
possible by the increased attitude gain, and/or because of the r e l a t i v e l y  
poor f i d e l i t y  of the angular rate cues (low angular motion amplitudes). 
This could imply longer dwell times f o r  the MBA condition as opposed t o  
MBL . 
The scanning data presented in  th i s  section also suggest certain 
r ev i s ions   t o  the criteria upon which the preexperimental predictions 
of scanning behavior were based-  these  predictions (Appendix A )  missed 
the mark i n  that the predicted look frequencies were low and the dwell 
times on a l t i t u d e  and position were for  too long,  while the predicted 
dwell f r ac t ion  on the posit ion display was too small. A comparison of 
these predictions, the wperimentally observed behavior, and the  r e su l t s  
of a revised ser ies  of calculations are presented in Table XXXVIII. 
While these ca lcu la t ions  a re  in  the nature of second guesses t o  f i t  
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TABLE XXXVII 
EPR DATA COMPARISON 
DISPLAY 
Al 
Position 
(x, Y) 
Altitude 
( z )  
UNITS 
-1 sec 
sec 
sec 
- 
- 
-1 sec 
sec 
sec 
- 
- 
see 
sec 
sec 
-1 
- 
- 
-1 sec 
r ORIGINAL CALCULATION* 
FB - 
1.082 
I .15 
- 
0.525 
0.420 
0.455 
1.07 
- 
0.254 
0.218 
0.237 
0.695 
- 
0.150 
0.198 
0.216 
MB -
1 *309 
0.771 
- 
0.525 
0.519 
0.682 
1.07 
- 
0.254 
0.181 
0.237 
0.695 
- 
0.150 
0.165 
0.216 
r 
RG ( N = 7 ) t  
1 -550 
0.78 
0.37 
0.550 
0.460 
0.713 
0.60 
0.10 
0.330 
0.355 
0.550 
0.42 
0.09 
0 .  I 15 
0.173 
0.296 
SUBJECT 
EF (N=21)' 
" 
1.81 0 
0.64 
0.23 
0.567 
0.495 
0.896 
0.51 
0.10 
0.378 
0.413 
0.747 
0.34 
0.07 
0.052 
0.086 
0.156 
"Included a directional task. 
'Four runs on Configuration 1 ,  three on Configuration 6. 
%onfigurations I ,  3, 4, and 6. 
§Configuration 6. 
GB ( N = 5 ) 5  
1.353 
0.93 
0.49 
0.619 
0.497 
0.673 
0.59 
0.15 
0 347 
0.436 
0.591 
0.38 
0.12 
0 033 
0.065 
0.088 
CuRRFlNT 
CALCULATION 
1 -590 
0.735 
- 
0.584 
0.500 
0.796 
0.555 
- 
0.351 
0.398 
0.633 
0.400 
- 
0.065 
0.102 
0.163 
the   data ,   the  assumptions by which they were a r r ived   a t   a r e  worth 
noting. These are listed in Table XXXM. The major points t o  be 
noted me the adjustments  in  the direct ion of improved coherency 
within  the  l imitat ions imposed by the separated instrument display 
scanning and the overriding (and constraining) demands of the  
a t t i t ude   con t ro l   t a sk .  
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TABLE XXXM 
BASIS FOR REVISED SCANNING CALCULATIONS 
PARAMETER 
a. qe2 = 0.75 
b. n2 = 0.4 
c. v2 = 0.5 
d. S2 = 8.0 
e. Tal = 0.40 sec 
- 
3. n4 = 0.1 
1. S4 = 24.5 
BASIS OR JUSTIFICATION 
The effective  attitude  display dwell fraction i s  based on a foveal crossover freauency of 2.0 radlsec 
for a similar task, VFIR, per Ref. 7 (which shows that the pilot adopts attitude lead sufficient t o  can. 
cel the short-period roo'b a t  l / T s  ) and an average crossover frequency, wag, of 1.5 rad/sec t o  achieve 
maximum phase margin -pertinent eo this  si tuation of low coherency (high scanning remnant). (Eq. A-25 
The p i lo t  i s  assumed t o  be unable t o  achieve a higher parafoveal gain because of the  relatively wide 
display separation. Past studies (Refs. 2 and 18) suggest that 0 < Q < 0.5 be the criterion. 
The look fraction i s  taken t o  be i t s  maximum allowable value fo r  the  attitude  display-the  pilot must 
return t o   t h i s  display every other look (or closely approach th i s  condition) to  retain  control. 
The sampling parameter for  the  attitude  display i s  taken t o  be at  the high end of the  criterion range, 
4 < S < 8 because of effor ts  to  improve coherency. Past data (Ref. 2) indicates that S increases in 
stressful o r  demagding tasks. S2, q2, v2, and the crossover frequency define the attitude display 
sample interval, TsL= 1.257 sec, the mean dwell time on attitude, Td2 = 0.735 sec, and the overall 
scanning frequency, fs = 1.59 looks/sec. 
- -  
The mean dwell time on the  altitude  display i s  taken as the minimum observed value in  past  data 
(Ref. 2 ) i n  minimal demand tasks. For such tasks , 0.35 sec 5 Ts 5 0.45 sec. 
The effective  position  display dwell fraction i s  based on a foveal crossover frequency of 0.6 rad/sec, 
based on outer-loop crossovers for a similar task, VFR, per Ref. 7 (which assumes no outer-loop lead 
equalization); and an achievable crossover frequency of 0.25 rad/sec. The reduction i s  attr ibuted to 
the IFR nature of the experimental task, the increased demands of the other tasks in the experiment 
(the Ref. 7 data assumes "easy" tasks in the other axes), and the need f o r  considerable phase margin 
without generating lead-dictated by the low coherency of the experimental task. (Eq. A-25) 
The parafoveal/foveal crossover frequency ra t io  i s  taken a t   the  low end of the 0 5 ~2 5 0.5 criterion 
range. The pi lot  i s  hypothesized t o  be able t o  devote minimal attention (as distinct from scanning) 
t o  position because of h i s  concentration 02 attitude. -ve4 and ~4 define 74 = 0.35 1 ( Eq. A-25) . 94 ar$ 
q2 define 9, = 0.065 which, together with Tal defines T, = 6.15 sec (Eqs. A-I8 and A-31) .  T s  1 -and fs 
define v1 E 0.102 (Eq. A - 1 7 )  and this, together with v2 iefines v4  = 0.398 (Eq. A-14) .  v4 and fs 
determine Ts4 = 1.58 sec (Eq. A - 1 7 ) .  Ts4 and 94 define TQ = 0.555 sec (Eq. A-31 ) , consistent w5th 
the  position  task demands-more than minimal attention. 
This value for the position display i s  a consequence of the foregoing assumptions (Eq. A-29), and 
clearly violates the 4 S 5 8 criterion used in the preexperimental predictions. Since position 
loop crossover frequencies are on the order of 0.25 rad/sec (see next Section) , the sample frequency 
pasmeters observed for the position display fa l l  in  the range of I5 5 S 5 30, approximately. 
- 
SECTION V 
DE13CRIBIlW FUNCTION AHALy8IS 
Three P r i o r i t y  N runs (Subject : RG) were examined more closely 
than   the  rest t o  determine the significant differences among the   t h ree  
motion  conditions. These runs were Nos. 226,  227, and 228, selected 
because they represented the best performance achieved on Configuration 
No. 6 for the  three  motion conditions. Histograms of the dwell times 
and sampling intervals ,  as w e l l  as the  l ink  f rac t ions  were presented in 
Section IV. These runs, representing respectively the FB, MBL, and MBA 
motion conditions were analyzed by NASA-ARC personnel for equivalent 
describing flmctions i n  the longi tudinal  and l a t e r a l  t a s k s .  The word, 
"equivalent", i s  used t o   i n d i c a t e   t h a t   t h e   p i l o t  model used i n  the 
analysis assumes only visual motion cues. The data f o r  6 addi t ional  
runs on Configuration No. 6 i s  given i n  Appendix C. The results were 
judged t o  provide reasonably accurate results in the mid-frequency range, 
but poorer results a t  higher frequencies because of the relatively small 
amounts of high  frequency  parer  in  the simulated vehicle motions. 
Figure 24 shows a s e r i e s  p i l o t  model s t ruc ture  for  the  two tasks  
analyzed. In this model, Ype, YpTJ YpxJ and Yp include  both  display 
and s t ick gains .  
Y 
Figures 25 and 26 show the frequency response plots of the simulated 
VTOL p i t ch  and roll response. It i s  clear,  on comparing these two figures, 
t h a t   t h e   p i l o t  must generate more lead for control  of  pi tch at t i tude than 
for roll. This i s  re f lec ted  in  F igs .  27 and 28 which show the inner-loop 
describing functions for pitch and r o l l  fo r   t he   t h ree  motion conditions. 
Ype  shows roughly 10-20 deg more lead than Yp in the crossover region; 
Table XL lists the crossover frequencies, phase margins and performance 
in   i nne r  and outer loops of both the longitudinal and l a t e r a l   t a s k s .  
Inner-loop crossover i s  a t  roughly the same frequency and phase margin 
i n  both pitch and roll. 
cp 
Figures 29 and 30 show the outer-loop describing f'unctions. In the 
longi tudinal  posi t ion control  task,  the pi lot  descr ibing funct ion shows 
lag in the crossover region, while the l a t e r a l  c o n t r o l  task shows lead 
i n  the FB and MBA cases, and essentially zero phase for the MBL condition. 
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Figure 24. Series  Model  Closed-Loop  Structure,  Configuration 6 
102 
... . . . . . . . .  
a 
- 2c 
- 16C 
-2oc 
- 28C 
- 32C 
I 
J 
/ 
(0.1 
(0.620 1- 0.458,0.568] 
.O 
w (rod/sec) 
Figure 25. -Open-Loop Transfer Function, YQ, Configuration 6 
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Figure 26. Open-Loop Transfer  Function, Y?, Configuration 6 
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Figure 27. P i l o t  Describing Functions, YPe, Configuration 6 
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Figure 28. Pilot Describing Function, Ypo, Configuration 6 
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TABLE  XL 
CROSSOVER WQUENCIES, PHASE MARGINS AND PERFORMANCE 
FOR TIBEE EXAMPLE: RUNS* RELATIVE TO PREDICTIONS 
226 
FE3 
~~ ~ 
1.37 
27 
0.80 
0.13 
68 
3.13 
1 .27 
27 
0.92 
0.29 
55 
2.01 
1.03 
3.87 
227 
MBL - 
~~ 
1.41 
27 
0.84 
0.24 
47 
2.53 
- 
1 . 6 4  
23 
0.65 
0.28 
36' 
2.13 
1.45 
3.61 
228 
MBA 
1.55 
17 
0.54 
0.19 
38 
1.92 
" 
1.56 
22 
0.63 
0.23 
54 
2.41 
0.84 
- 
3.19 
PREX 
FB 
1.5 
11 
0.80+ 
0.5 
53 
1.1+ 
1.5 
25 
1.28 
0.5 
37 
1.8 
0.16 
2.1 f 
' IONS 
MBL 
2.25 
18 
0.73 
0-5 
22 
1-3 
2.25 
28 
0.97 
0.5 
17 
1.8 
0.16 
2.2 
*Subject was RG. 
tNo phase lead; see Fig. 30. 
+Scanning remnant not included in calculations; see Appendix A. 
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Figure 29. Pilot Describing Function, Ypx, Configuration 6 
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The pi lot  gains  are  general ly  somewhat h ighe r ,  l a t e ra l ly ,  r e su l t i ng  in  
somewhat higher crossover frequencies. Lateral posi t ion control  i s  
easier than longitudinal posit ion control.  Table XL shows t h a t  t h e  
predicted loop crossover frequencies were opt imis t ic  in  a l l  cases, a 
result  consistent with the observed performance discussed in Section 111. 
This i s  par t icu lar ly  t rue  in  the  outer  (pos i t ion)  loops .  
The overal l  performance (adisp) l i s t e d   f o r  each of t he  three motion 
conditions in Table XL shows r e l a t i v e l y  small run-to-run improvement 
with the fixed-base condition (FB) being worst and t h e  moving-base 
(angular motion only) condition (MBII) being best. The MBL condition 
shows b e t t e r  performance relative to   f i xed   base  by virtue of improvement 
in  the longi tudinal  posi t ion control  performance (ax)-both the la teral  
(cry) and v e r t i c a l  (crz) performance  de ter iora te ,  the  la t te r  fa i r ly  sub- 
s t a n t i a l l y .  The improvement i s  achieved primarily because of the 
increased outer-loop crossover frequency, wcx, r e su l t i ng  from a p i l o t  
gain increase in the outer loop of almost 6 dB (see Fig.  29).  Refer- 
ence to  the  inne r -  and outer-loop dwell fractions (Fig. 16) shows t h a t  
t he  former has decreased by 17 percent, the la t ter  increased by 29 per- 
cen t  in  the  MBL condition. Figure 21 shows that the inner-loop sampling 
var iabi l i ty  parameter ,  6, has increased by 95 percent  in  this  condi t ion.  
These factors  are  evidence that  the pi lot  need generate less lead, 
v i s u a l l y   i n   t h e  ME3L cond i t ion  r e l a t ive  to  FB, and t h a t   t h e   p i l o t -  
introduced remnant due t o  scanning in  the inner  loop i s  markedly reduced. 
In  the  l a t e ra l  t a sk ,  t he  p i lo t  i s  able  to  increase his  inner- loop cross-  
over  frequency  substantially  by  virtue of a roll at t i tude  gain  increase 
of approximately 5 dB, and thus improve h i s  roll a t t i tude  cont ro l ,  
indicated  by cr But he has relaxed his outer-loop control as evidenced 
by h i s  reduced crossover frequency (UI  ), phase margin (%), and per- 
formance ( a ) .  He has  a l so  de te r iora ted  in  a l t i tude  cont ro l  ( az).  
Apparently he has not only used the angular motion cues t o  improve 
overal l  performance, but a l so  t raded  a small decrement i n  lateral 
posi t ion  control  and a l a rge r  decrement i n   ve r t i ca l   pos i t i on   con t ro l  
for  the longi tudinal  task improvement. Thus the  magnitude of t he  
reduct ion in  ax i s  not e n t i r e l y  a t t r i b u t a b l e  t o  motion. Some portion, 
t o  use a current phrase, i s  due t o  a change i n   p r i o r i t i e s .  
cp' 
Y 
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The MEA condition shaws a f'urther improvement in  longi tudinal  
pos i t ion  cont ro l  a t t r ibu tab le  to  grea te r  p i tch  a t t i tude  cont ro l  
precision and a reduction (apparently) in his scanning remnant i n  
this task-his posit ion control performance (a,) improves despite 
a reduction in  p i lo t  ga in  in  the  ou te r  l oop  (F ig .  29).  This condi- 
t i o n  shows a fu r the r   de t e r io ra t ion   i n   l a t e ra l   pos i t i on   con t ro l  
performance ( ay) a t t r i b u t a b l e   t o  a reduction i n  outer-loop gain. 
Altitude performance improves markedly although the scanning behavior 
changes r e l a t i v e l y  l i t t l e .  Apparently the subject i s  a b l e  t o  pay 
more a t t en t ion  (as d i s t i n c t  from scanning) t o   a l t i t u d e  and longitudinal 
posi t ion control  in  the MEA condi t ion;  in  the former task this  i s  
accomplished by (apparently) an increase in his parafoveal gain on 
t h e   a l t i t u d e   t a s k   i n   t h e   l a t t e r  by an increase in  posi t ion display 
dwell fraction. 
Table XLI presents a comparison of the att i tude crossover frequencies 
obtained in  similax (bu t  l e s s  demanding) tasks  and those measured i n  
t h i s  experiment. The current experiment shows  much lower frequencies, 
primarily because of the high pilot workload due to  separate  display 
scanning. But the percentage change i n  t h i s  frequency with motion 
condition i s  comparable with previous data, a t  l e a s t  i n  roll, and t h e  
phase margins are closely comparable, suggesting that the pilot  uses 
similar at t i tude loop closure cr i ter ia  in  the three experiments ,  
workload  permitting. 
Considering the limitations imposed by the  small data  sample, and 
lack of a stable performance l eve l  (as evidenced by the trend in 
performance improvement with motion condition being attributable t o  
one or two tasks instead of a l l  three),  the describing functions 
obtained for these runs agree reasonably w e l l  wi th   the performance 
achieved, p i l o t  comen-Lary and opinion, and the  measured scanning 
behavior. Some of the performance changes evidenced must be a t t r i bu ted  
t o  changes in  var iab les  which cannot be measured (e.g., e f f ec t ive  dwell 
f rac t ions) ;  f l r ther ,  the  d i f fe rences  among the three performance con- 
d i t ions  a re  qui te  small due e i the r  t o  the  ve ry  g rea t  d i f f i cu l ty  of t h e  
task and/or because of the small angular motion magnitudes already 
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VARIABLE 
(0 c 
(rad/sec) 
+m 
(deg) 
TABLE: X L I  
ATTITUDE LOOP  CROSSOVEX FFEQUENCY COI@ARISON 
mT1oN 1 RFF. 15 DATA* 
CONDITION 
17 P I M T  A 
2 .o 
2.3 
13 .o 
26 
27 
3.9 
-~ 
?ILOT B 
I .6 
2.3 
43.8 
34 
33 
-3 .O 
*Ye = K 
s ( s  +0.33) 
J 
*ye = - K 
S -  
9 
REF. 1 DATA+ 
P I M T  GB PILOT Mi PILOT RG 
2.6 2.2 2.3 
3.2 
36.3 43.3 12.3 
3.0 3.3 
I I 
Flight versus Ground Test 
Motion Simulator 
T cmm DATA 
ROLL 
I .27 
1.64 
29.0 
27 
23 
-14.8 
PITCH 
1.37 
1.41 
3.0 
discussed in Section 111. I n  Run 228, the  magnitudes of t he  rms t i l t i n g  of 
t he  cab i n  p i t c h  and r o l l  (0.54 and 0.63 degree,  respectively) are essentially 
equivalent to  u t r icu lar  th resholds  (Ref .  1 )  suggesting that even u t r i c u l a r  
threshold effects are important for t h i s  run. 
1 1 2  
SECTION V I  
The major results of this experimental  program relate t o   t h e  important 
role played by l inear motion (or  i t s  absence) i n   t a s k  performance, t h e  
presence of vestibular threshold effects,  and the  decrements i n   p i l o t  
opinion and performance arising out of the need for display sampling and 
scanning in  the s imulated VTOL hovering task. In addition a large body 
of data was obtained on the   e f fec ts   o f  motion on pilot display scanning 
behavior. 
A. LINEAR M3TION CUE8 
In  the s imulated task there  was a clear-cut preference for the angular 
motion only condition over the full motion (angular and l inear simulator 
movement) condition, as evidenced by p i l o t  commentary, opinion and per- 
formance. This r e s u l t  was unanticipated and can probably be ascribed t o  
two contributing causes: 
1 .  Use of the g-vector tilt cue as an indicator of 
vehicle  a t t i tude,  especial ly  when not  f ixat ing on 
the  a t t i tude  d isp lay .  
2. Absence of a tendency to  ver t igo,  "confis ion",  
and "d is t rac t ion"  in  the  MBA condition as opposed 
t o   t h e  ME3L condition (wherein the apparent tilt 
of the g-vector i s  considerably less and unrelated 
to  a t t i tude ,  bu t  ra ther  to  d is turbances  and p i l o t  
l oca t ion   e f f ec t s ) .  
The data indicate the former reason t o  be of greater importance than 
the  latter, although the vertigo tendency undoubtedly contributes t o  
t h e  performance and r a t ing  decrements observed in   t he   ea s i e s t   ( and   l ea s t  
motion sensi t ive)  configurat ion.  
Certain configurations intended t o  be  sens i t ive  to  the presence or  
absence of l i n e a r  motion cues were not, t o  any significant extent. 
P i lo t   l oca t ion   e f f ec t s  were undetectable because of the low values 
of pitch acceleration. Performance across motion conditions for a 
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configuration having low con t ro l   s ens i t i v i ty  and heave damping was more 
s t rongly   a f fec ted   by   the   l a te ra l  and longitudinal  task  differences,  
according t o  t h e  s u b j e c t s .  However, there  was commentary t o  t h e  e f f e c t  
t h a t  j e r k i n e s s  i n  v e r t i c a l  motion i s  "disconcerting, and  one subject 
claimed t o  use t h i s  cue to  regula te  h is  co l lec t ive  cont ro l  inputs .  
The angular rate amplitudes (rms) were less than the estimated effective 
angular rate thresholds (2.6 deg/sec in  p i tch ,  3.2 deg/sec i n  roll, per 
Ref. 1 )  and cer ta inly of  a magnitude where such e f f e c t s  are s ignif icant ,  per  
the results of Refs.  13 and 14. This is  t r u e  even fo r  t he  more d i f f i c u l t  
vehicle configurations, implying that the angular rate cues were only effec- 
t i v e  a t  the peak angular  ra tes .  This  resul ted in  smaller motion versus no- 
motion performance and opinion differences than observed i n  past experiments 
on similar configurations. Scanning behavior differences and describing 
function differences were likewise smaller than predicted or previously 
observed. For some of the subjects, and configurations, even the ms 
a t t i t u d e s  were small enough t o  render the g-vector tilt cue i n   t h e  ME3A 
motion condition smaller than the utricular threshold (0 .Olg or 0.573 deg 
of tilt per Ref. 1 )  f o r  much of the time. The small angles and angular 
r a t e s  a re  a resu l t  o f  the  much lower outer (position) loop gains adopted 
by t h e   p i l o t s  when using separated instrument displays-larger angles 
are incompatible with the motion simulator limits of these gain levels.  
T o  obtain this  level  of  a t t i tude control  precis ion required the changes 
in   t he   a t t i t ude   d i sp l ay  and cont ro l   sens i t iv i ty  made i n   t h e  shakedown 
runs. 
The necessity for scanning separated instrument displays as opposed 
t o  VFR conditions or an integrated display caused a considerable decre- 
ment in  p i lo t  op in ion  and performance. The describing function data 
indicate  lower crossover frequencies than predicted (preeqerimental 
predictions of loop closure parameters were predicated on scanning 
behavior, however, p i lo t  ra t ing  predic t ions  were based upon da ta  fo r  
VFR conditions , there being a dearth of equivalent I F R  da ta ) .  The 
114 
opinion decrement was so great (on the order of 2 t o  4 poin ts )  to  render  
the  Cooper-Harper ra t ing scale  useless  for  detect ing motion differences.  
The in te rpre ta t ion   o f   the   sca le  was modified t o  allow greater differen- 
t i a t ion  ac ross  motion conditions. The ra t ing  da ta  g iven  in  th i s  repor t  
are thus not  direct ly  comparable with past  ra t ing data .  
Pilot scanning behavior reveals that the primary attention i s  t o  
vehic le  a t t i tude ,  whi le  the  a l t i tude  cont ro l  task  is  a l l  but ignored, 
relatively speaking. Dwell times on the  a l t i t ude  d i sp lay  a re  c lose  to  
the minimum values observed in past  scanning measurements, and the 
sampling interval  qui te  long.  The posit ion display dwells are somewhat 
longer and very frequent while the att i tude display dwells are the  
longest of all-occasionally several seconds in duration. The primary 
e f f e c t  of motion on scanning behavior i s  t o  reduce the attytude display 
dwell times and dwell fractions while the position and al t i tude displays 
receive a greater  f ract ion of  the pi lot ' s  foveal  scan.  There i s  
r e l a t i v e l y   l i t t l e   d i f f e r e n c e  between the  ME3L and MEA scanning behavior, 
ind ica t ing  tha t  the  dominant cause of the behavior change i s  the pres- 
ence of an angular rate cue i n   t h e  moving base cases-a  resul t  ful ly  
in accord with predictions. The scanning frequency is  generally higher 
than observed in past scanning measurements. The measured look ( o r  scan) 
r a t e   i n  one run exceeded two looks per second with a more typical  value 
being 1 .5 looks/second. 
D. WTION FIDELITY FZFECTS 
A l l  simulator axes used i n   t h e  experiment were compensated f o r  
simulator dynamic response lags based on e a r l i e r  measurements of 
simulator response, and no washouts were used. I n  some runs, the 
effects of angular motion lags  ( re la t ive  to  the  d isp layed  va lue)  were 
var ied  to  de te rmine  the  subjec t ' s  sens i t iv i ty  to  such motion lags.  
Preexperimental predictions were t h a t  a 0 . 1  sec time constant would be a 
significant while the experimental  value was 0.2 sec. On the other 
hand, the att i tude loop crossovers measured were on the order of 
1 .5 rad/sec - lower than  the  predicted  crossover  of 2.25 rad/sec. 
This difference in crossover frequency plus vestibular threshold 
e f f e c t s   a r e   f e l t   t o  account f o r  most, i f  not all,  of the difference 
between predicted and observed  results  -both  imply  reduced  sensitivity 
t o  high  frequency  motion  lags. 
E. MULTIM3DALITY PIUT WDEL IMPLICATIONS 
As a t e s t  of the multimodality pilot  model, the experimental  results 
provide less than a sa t i s f ac to ry  check because of the overr iding effects  
of VFR-LFR differences and the  effect ive vest ibular  thresholds  in  the 
experimental task. However, t he  model was successful  in  predict ing 
performance and rat ing t rends,  and it was not contradicted. 
The benef ic ia l  e f fec ts  of the g-vector tilt cue were unanticipated. 
It can be speculated that t h i s   e f f e c t  would be less important in tasks 
where a v i s u a l  a t t i t u d e  cue i s  available a t  a l l  t imes,  i .e . ,  in  an 
integrated display. In the experimental task, t he  tilt cue provides 
an at t i tude indicat ion even when the  p i lo t  i s  looking elsewhere. This 
apparently permits him t o  spend more time monitoring the  position display. 
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Pr io r  t o  the  ac tua l  runn ing  of t h e  experiment, extensive 
preexperimental analyses were conducted t o  provide a basis f o r  
comparison of the  results obtained. The objective was t o  provide 
estimates of the pilot  performance, opinion, and display scanning 
behavior in  the  experimental   task  using  the  multimodality  pilot  
model developed i n  Ref. 1 and display sampling theory (Ref. 2 ) .  
This appendix outlines the methods of analysis used and t h e   r e s u l t s  
of the analysis with no modifications based on experimental results. 
The task situation analyzed consists of two mult iple  loop ( la teral  
and longitudinal dynamics) and two s ingle  loop  (ver t ica l  and direc- 
t i o n a l  dynamics) tasks.  Since the directional task was deleted from 
the program (see Section I I . A . 3 )  that  port ion of  the analysis  i s  
omitted from t h i s  appendix, although it does affect  the predicted 
scanning t r a f f i c .  
PILOT MODEM 
In this  subsect ion three categories  of p i l o t  models are presented. 
First  i s  the usual  model for fixed-base cases; second i s  the multimodality 
p i l o t  model; and f ina l ly ,  the  modeling of p i l o t  scanning behavior-the 
"switched gain" model. 
Loop Topology and P i l o t  Models-Fixed Base 
The loop structure for the  longi tudinal  task i s  shown in Fig.  A-1 
fo r  cont ro l  of p i t c h  a t t i t u d e  and horizontal  posi t ion.  In  this  ser ies  
model t h e   p i l o t  makes position  correctiol3s  by  mentally  biasing  his  pitch 
att i tude reference up or down an anLant dependent upon h is   ga in  and lead 
computations of the  pos i t ion  e r ror .  H i s  i n t e r n a l  p i t c h  command, e, minus 
the  actual   p i tch  a t t i tude  then  gives  him an   i n t e rna l   p i t ch   a t t i t ude   e r ro r .  
This i s  operated on by a gain, a lead, and a time delay. 
The p i lo t ' s   t ime  de lay  depends upon the  amount of lead that he has 
t o  provide. It i s  assumed t h a t  t h i s  i s  primarily dependent upon the  
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Figure A - 1 .  Series-Loop Model f o r  Pilot Control 
of Longitudinal Dpamics i n  Hover 
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lead t ime constant  in  the O-loopJ T L ~ .  The relationship* between time 
delay and lead time constant i s  given i n  Fig. A-2  (Refs. 16 and 17) . A 
convenient approxima-tion t o   t h e   d a t a  i n  Fig. A - 2  i s  given by the expression 
rO  
0.33 i TL 1 
which i s  v a l i d  for  TL 5 1 s e c .  I n  t h i s  example, r o  = T~ and TL = T L O .  
A t yp ica l  Bode p l o t  f o r  t h e  0 -Ee inner-loop closure i s  sketched 
in  F ig .  A - 3 .  This shows the amplitude and phase of t h e  open-loop t rans-  
fer  funct ion.  The airframe response modes a re  the  phugoid, "~p, and the  
short-period, 1 /Tsp. The 0 -t 6, transfer f 'unction has a lead a t  1 /Te 
and the  p i lo t  l ead ,  ~ / T L ~ ,  i s  a l s o  indicated.  In the following analyses 
it i s  always assumed t h a t  t h e  p i l o t  lead cancels the short-period real 
root, l /Tsp.  This provides a long stretch of  K/s-like  response  along 
which the  p i lo t  can select his crossover frequency. The phase portion 
of Fig. A - 3  i l lus t ra tes  the  d i f fe rences  between those cases where the 
phugoid mode i s  s table  or unstable.  In the unstable cases the system i s  
conditionally stable, thus constraining the pilot 's crossover frequeney. 
The e f f ec t ive  open-loop dynamics for the outer loop with a reasonable 
inner-loop crossover fiequency are sketched in Fig. A-4. This shows the 
closed-loop modes from the  inner- loop closure,  the osci l la tory mode a t  4, 
and the  r ea l  roo t  at I / T b  which has been driven close to  the  ze ro  a t  l / T O .  
A l s o  shown in  F ig .  A - 4  i s  the  p i lo t  l ead ,  1 / T h ,  which w i l l  normally be 
required to provide additional phase margin f o r  a reasonable outer-loop 
crossover frequency. The crossover frequency parameters assumed are  
based upon past experience with VFR vehicle  control  tasks.  
The p i l o t  model for l a t e r a l   c o n t r o l  of bank angle and l a t e r a l  
posit ion has the same form as for  the  longi tudina l  axis just  discussed. 
*Note t h a t  Eq. A-1 does not include a term t o  account for the time 
delay dependence On forcing function bandwidth (Az=O.O&ui) (Ref. 16). 
This i s  because t h i s  term would be small for the  effect ive input  band- 
width af%er it passes through the vehicle dynamics. 
A - 3  
The same adjustment rules wi th   r e spec t   t o   p i lo t  lead and time delay 
relationships therefore apply. 
The p i l o t  model for a l t i tude  cont ro l  wi th  co l lec t ive  i s  shown i n  
Fig. A-3. This i s  a single-loop situation where t h e  a l t i t u d e  dynamics 
consist  of two poles, a f r e e  s and a root dependent upon the  e f f ec t ive  
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heave mode damping. The p i l o t  model i s  a simple lead and time delay 
where the lead i s  se lec ted  to  cance l  the  rea l  root i n  t h e  a l t i t u d e  
dynamics (Ref. 17) . Again, the lead time delay relationship i s  given 
by Fig. A-2  and Eq. A-1 . In  th i s  s ing le- loop  s i tua t ion ,  the  p i lo t  
u ses   t he   co l l ec t ive   con t ro l   t o   t ry  and nul l  ou t  the  a l t i tude  e r rors  
from the  a l t i tude  d isp lay .  Here the vertical  gust  provides the 
exci ta t ion.  
P i l o t  Models-"oving Base 
The p i l o t  model t o   t a k e   i n t o  account moving-base motion e f f ec t s  
derives from interpretat ions of data i n  Ref. 1 .  This data suggests 
the model sham  in   F ig .  A-6 f o r  t he   v i sua l  and motion path operations 
for the longitudinal task.  This figure shows the  p i lo t ' s  ou tput  
responding to   the  visual ly   displayed  pi tch  angle  and pos i t ion   e r ror  
signals,  and the  p i tch  ra te  p icked  up by his  vest ibular  senses .  The 
motion channel describing function i s  a pure lead and a time delay, -rm. 
This form i s  consistent with the Ref. 1 data over the frequency range 
o f  i n t e re s t  i n  t he  experiment. T~ was found t o  be about 0.16 sec  for  
t he  two extreme controlled element  forms, K/s(s+10)  and K / s  . These 
extremes a r e  similar t o   t h o s e  found i n   t h e  0/6, and 'p/Fa t r ans fe r  
functions in this experiment.  
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In Fig.  A-6, the  pi lot ' s  visual  channel  operat ion on the pi tch angle  
has a lead and time delay term similar to  the  f ixed  base  model. However, 
for  the  same conf igura t ion ,  less  v i sua l  p i lo t  l ead  will be required 
because the motion channel i s  providing some of  the lead.  However, t h i s  
reduced visual  lead also reduces the lead avai lable  to  control  the 
vehicle position, since it i s  in  se r i e s  w i th  the  d i r ec t  pos i t i on  l ead  
gene ra t ion  in  the  se r i e s  p i lo t  model. The p i lo t ' s  v i sua l  channel  lead  
time constant, Tk, and time delay, T ~ ,  on pi tch angle  are  assumed t o  
be i n t e r r e l a t e d  i n  t h e  same fashion as for the fixed-base case discussed 
ea r l i e r ,  t ha t  is, the relat ionship given in  Fig.  A-2 and Eq.  A - I .  
The overall  operation on pitch angle i s  given by the sum of the  v isua l  
and motion channels, t h a t  is, 
A-8 
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where T~ = T ~ - T ~ .  Using  an  appruximation f o r  the time delay given by 
y ie lds  the  form 
Y Ecpe(a+l) s + -  1 [ s 2 + 2 ~ 1 " 1 s  +q] 
Pe _-J ( 'Le) ( S  + 4 / 7 1 ) ~  
gain 
The question now a r i s e s  as t o  how the  v i sua l  channel lead time constant, 
T h ,  and the  motion channel gain, a, are  selected.  From Fig. 20 of Ref. 1 
it i s  noted that  the pi lot  t ransfer  funct ion magnitudes in   t he   v i sua l  and 
motion channels are equal a t  a frequency, w, which depends on the controlled 
element  dynamics. For controlled elements of the form, K/s2, % i s  approxi- 
mately 2.0 rad/sec; for K/s( s + 10) elements, % ranges between 5.5 and 
9.0 rad/sec. For the controlled elements in this experiment, the former 
f igure (q = 2.0 rad/sec) i s  assumed t o  apply t o   t h e  M = 0 case which has 
similar  frequency  response  characteristics;  while i s  chosen t o  be 9 rad/ 
sec for  the Mq = -4 s i t u a t i o n  f o r  t h e  same reason. The intermediate cases 
are assigned intermediate values. The parameters a and T b  are then selected 
according  to: 
9 
a. Magnitude  of Visual Channel = Magnitude of Motion  Channel 
a t  frequency % 
b.  Overall  ead  time  constant, TLe = Short-period  time 
constant, TSP 
The result ing values for the parameters of t he  moving-base p i l o t  
model p e r t i n e n t   t o  each of the control led element forms given i n  Table I 
of the  main t ex t  a r e  g iven  in  Table A - I .  (Note t h a t  M = -0 .5 i s  
included since it corresponds t o  Lp = -0.5.) 
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TABLFI A - I  
COMPARISON  OF  TXED-BASE AND MOVINGBASE  PILOT MODEL PARAMETERS 
FOR CONTROL OF VTOL ATTITUDE 
" 
*Taken from Fig. A-2. 
The p i l o t  model forms for  the outer- loop posi t ion control  tasks  and 
for  control  of a l t i t u d e  a r e  assumed invariant, going from fixed-base t o  
moving-base conditions. The analysis  therefore  predicts  no difference 
between moving base, angular motion only (MBA) , and moving base, l i nea r  
and angular motion (MBL) conditions. 
"Switched Gain" Model for  Display Scanning 
Up t o   t h i s   p o i n t ,   t h e   p i l o t  models have assumed fU11 a t t e n t i o n   t o  
be paid to each of the  three  cont ro l  tasks  ( longi tudina l ,  l a te ra l  and 
v e r t i c a l )  i n  t h e  experiment. To estimate the performance expected in 
the experimental  si tuation where a l l  tasks are controlled simultaneously, 
requires consideration of the pilot 's  scanning behavior,  that  is, how the 
p i l o t  i s  l i ke ly  to  d iv ide  h i s  t ime  between the various displays and the  
resu l tan t  e f fec ts  on h i s  performance. 
ST1 has hypothesized a "Switched Gain'' model t o  account for the 
p i l o t ' s  scanning behavior (Refs. 2 and 4 ) .  This model i s  not completely 
va l ida ted   in   tha t  it has been verified experimentally for only a few 
controlled element types. The preexperimental analysis procedure out- 
lined in the paragraphs which follow contains some implicit extensions 
A - I O  
of  the "Switched Gain" model; both the dynamics ( r equ i r ing  the  p i lo t  t o  
generate lead) and the cues (motion feedbacks) differ from those cases 
where the  model has been ver i f ied  before .  
The Switched Gain model hypothesizes  that  the pi lot  uses  a quasi- 
random scan pattern over the various displays provided him. On each 
display he spends a f in i t e  dwe l l  time gathering information so as t o  
cont ro l  the  e r ror  s igna l  on that  display.  He can also gather informa- 
t i o n  from tha t  d i sp lay  even while looking a t  the other displays if he 
uses his parafoveal vision; however, the information gained this way 
has a lower effect ive gain than when he i s  d i rec t ly  f ixa t ing  the  d isp lay .  
This gain switching takes place a t  quasi-random time intervals  and has 
two important effects: 
1 .  
2 .  
The e f f ec t ive  p i lo t  ga in  in  each loop, given by 
the time average of his foveal/parafoveal gains, 
i s  smaller than it would be i f  he were devoting 
full a t t e n t i o n   t o  each display, thus he i s  not 
closing each loop as t i g h t l y  as he could if  he 
had single-loop control of that display. Further, 
there  i s  a s m a l l  time delay penalty (Ref. 2 )  f o r  
the attention-switching required to control a l l  
the loops.  
This quasi-random finite-dwell  sampling produces 
remnant i n  each  channel  sampled. This remnant 
has generally been found t o  be much greater than 
the  remnant normally present in single-loop control, 
t h a t  is, i f  he were spending full  time on a display 
with no other  dis t ract ions.  Final ly ,  the power 
spectral  density of the scanning remnant associated 
with a display scale with the variance of the dis- 
played signal (Ref. 2 )  and t h a t  t h i s  interdependence 
s i g n i f i c a n t l y   a f f e c t s   t h e   t o t a l  system. 
Effect of Scanning Remnant on System Stabi l i ty .  Figure A-7  presents 
t he  system structure for the longitudinal task including the effects of 
scanning remnant. The pilot describing functions operating on the  pos i t ion  
and a t t i t u d e   e r r o r s  and the i r   d iv is ions   in to  visual and motion channels are 
t h e  same as discussed above. An extra  time delay, r s ,  is  added for  display 
scanning. Scanning noise components, % and ne, are shown t o  model t h e  
scanning remnant. There i s  no scanning remnant associated with the motion 
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channel since that channel i s  presumably ”wired in” at a l l  times. The 
s igna l s   t ha t   t he   p i lo t  is  scanning i n  t h i s  model are the outputs of t he  
display motion synchronization filters. Recal l  that  the purpose of these 
filters was t o  synchronize the  visual display with the sensed motions. I n  
the  acperiment, t he  same objective was accomplished by lead compensation of 
the simulator motions. Note t h a t  each of  the system outputs, xa and ea, 
depend on three inputs,  the gust input,  u and the  two scanning remnant 
terms, n, and ne. The scanning remnant noises are independent of each 
other and of the displayed signal (Ref. 4 ) .  Thus the  system output 
variances ( % and UeE) can be wri t ten as: 
€5’ 
2 
where x D / ~  i s the  closed-loop  transfer  function between the  
pi lot’s   posi t ion  display remnant and the  system 
output 
i s  the parer  spectral  densi ty  of the % scanning 
remnant [ (un i t s  of x)  /rad/sec] 2 
axu2 and 0eU2 are system responses t o  u and can be computed 
g  g once the Loop d e s c r i b i n g   L c t i o n s   a r e   s e l e c t e d  
( they are  independent of remnant e f f ec t s )  
Equations A-6 and A-7 may be rewri t ten  in   matr ix  form a6 
do, 
do, 
r 2 
2 
‘8, g 
where the unknowns t o  be solved f o r  are u and agD. 2 XD 
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The terms on the right-hand side are the closed-loop responses t o  
the gust  inputs .  The square matrix on the left-hand side i s  cal led the 
coherence matrix. The scanning remnant terms appear i n  it normalized 
by the variance of the displayed signal to which each remnant term adds; 
as indicated ear l ier ,  each of these scanning remnants scales with this 
variance. Thus the rat io ,  Qnn. lai  i s  independent of the variance, ai. 
This means t h a t  a l l  of the elements in the coherence matrix depend upon 
loop closure parameters, and the  normalized scanning remnant. 
I 2  2 
1 
With scanning remnant effects included there i s  t h e  p o s s i b i l i t y  of 
a n  i n s t a b i l i t y  i n  t h e  mean-square sense. This i s  d i f fe ren t  than  the  
c l a s s i c a l  dynamic i n s t a b i l i t y  which can occur due t o  loop closures 
being so t i g h t  such t h a t   t h e   p i l o t   d r i v e s  a response mode unstable. 
The nature of these two i n s t a b i l i t y  c h a r a c t e r i s t i c s  i s  sketched i n  
Fig. A-8. This i s  a sketch of error variance versus crossover gain 
(taken from  Ref. 2 ) .  If there  were no scanning remnant, the pi lot  could 
use a fa i r ly  h igh  ga in  and close in  the region with the indicated s tabi l i ty  
margin  from the dynamic i n s t a b i l i t y  boundary. However, when scanning 
remnant i s  present, he must reduce h is  gain such that he gets a larger  
error j u s t  due t o   t h i s  reduced gain, but in  addi t ion ,  there  i s  an incre- 
ment due to  the forced switching of  his  a t tent ion around the display 
panel, and as indicated in Fig.  A-8, the system can go unstable a t  a gain 
lower than the maximum gain for  dynamic s t a b i l i t y .  This i n s t a b i l i t y  i n  
I ? 
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Figure A-8.  Sketch of Scanning Implications on Gain and Performance 
t he  mean-square sense manifests i tself  by the determinant of the  coherence 
matrix becoming negative. Thus the  loop closures must be selected so t h a t  
the diagonal terms are always posi t ive and suff ic ient ly   greater   than  the 
off-diagonal terms that the determinant of t he  coherence matrix i s  greater  
than zero. And generally it i s  found t h a t  it must be a fa i r  mount 
greater than zero. 
Scanning Terminology. For a given period of time corresponding t o  
an experimental run length, TR, t h e   p i l o t  spends a t o t a l  time T i  f ixa t ing  
t h e   i t h  instrument and a time Tother, looking elsewhere, thus: 
where M i s  t h e  t o t a l  number of instruments (displays). The time, T i ,  
i s  given by: 
Ti = 2 Taik 
k= 1 
(A-10) 
where Ni i s  the number of times he looks a t  the i th instrument,  and Tdik 
i s  the  time duration of the kth dwell on t h e  i t h  instrument. The t o t a l  
number of looks during the run i s  obviously: 
(A-1 1 ) 
where Nother numbers the looks elsewhere. The overal l  scanning frequency 
i s  given by: 
N fs = - 
TR 
(A-12)  
A-15 
The look fraction, vi, on the i t h  instrument i s  given by 
There i s  a constraint  on the look fractions such that 
(A-14) 
where V o t h e r  i s  the look fraction elsewhere. The average foveal dwell 
time i s  given by: 
The foveal dwell f r ac t ion  i s  the  f rac t ion  of  time spent looking foveally 
at the i t h  instrument: 
where Tsi i s  the average time between looks at the 
display sample interval)  given by: 
(A-16) 
i t h  instrument (or 
where fs i s  the average look rate a t  (or  scan rate o f )  the i th  instrument .  
Note tha t  fs  = l/Tsivi f o r  i = 1 ,  . . .M. Obviously, there  i s  an additional 
constraint  on the scanning behavior which i s  that the sum of t h e  dwell 
fractions (including time spent looking elsewhere than a t  the instruments) 
must be equal t o  unity: 
i 
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M 
(A- 18) 
If the  t a sk  i s  very demanding, qother will approach zero, as w i l l  
Tother, Vother,  Nother, etc.  In processing the scanning statist ics,  
looks elsewhere (including blinks) are treated as an additional instru- 
ment -thus a l l  terms i n   t h i s  development subscripted “other” are zero 
in  the processing of  scanning s ta t is t ics  (Appendix B ) .  
Switched Gain Model Parameters. In  the  Switched Gain model for 
scanning behavior, the pilot i s  hypothesized t o  operate a t  one l e v e l  
of gain while looking a t  the instrument foveally, and another, lower 
level of gain while looking a t  it parafoveally. It i s  assumed t h a t  t h e  
lead and/or lag equalization, and the effective time delays are unchanged 
a t  each level of  gain.  Since the pi lot  operates  in  a K/s-like crossover 
region, the pilot  gain adopted i s  proportional to the crossover frequency. 
Thus a foveal crossover frequency, wfi, and a parafoveal crossover fre- 
quency, wcp., fo r  the  i th  ins t rument  can be defined. Further, an effective 
dwell f r ac t ion  can be defined according to: 
1 
w 
CPi 
C f  wcf 
w eai 
‘lei = qi + ( l - q i )  u) = - 
where i s  the  average  crosswer  frequency  for  the  i th  instrument 
with both foveal and parafoveal viewing. The ra t io ,  wcpi/qfi ( cal led R~ ) , 
i s  generally one half  or l e s s .  
“i 
The effective average dwell time can be defined as: 
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Both the effect ive dwell  time and the ef fec t ive  dwel l  f rac t ion  a re  
greater than their  foveal equivalents due to  the addi t ional  information 
obtained between f ixat ions on a given instrument due to  parafoveal  
viewing. 
There i s  an additional constraint on the  p i l o t ' s  scanning times 
which i s  a consequence of the need t o  sample a variable being displayed 
several times per average period. This i s  denoted by SiJ the sample 
frequency parameter of the i t h  instrument: 
(A-2; ) 
where Pci i s  the average period of the displayed signal,  usually equal to 
2n/qaiJ when the displayed signal power i s  concentrated in  the region of 
crossover. Tsi - Tdfi i s  the average time between the  end of a dwell and 
the next  re turn to  tha t  instrument. Thus  Si i s  t h e  r a t i o  of the average 
period of the displayed signal to the average time-away from the display. 
Reference 2 found t h a t  4 5 Si 5 8 with most values of Si near 4. 
- - 
Scanning R e m n a n t  Spectra Modeliq. The form of the  power spec t r a l  
density of the scanning remnant introduced a t  the i t h  d i sp l ay  i s  given 
i n  R e f .  4 as: 
where ai i s  the rms display motion a t  the i t h  display 
6i i s  a parameter  re la ted to  the p i lo t ' s   scan   pa t te rn  
v a r i a b i l i t y .  This i s  generally  about 0.7. 
This modeling of t he  remnant due t o  scanning i s  discussed in R e f .  2. 
It is  dependent upon the effective dwell  t imes on the per t inent  displays,  
Tdeg of ?-dexJ the  sampling var iabi l i ty  parameters ,  80 or 6,, and the  
- 
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effect ive dwell  f ract ions,  tleO of  qe , on each display. The model i s  t h a t  
of white noise passed through a simple l a g   f i l t e r   w i t h  time constant of 
Tde0/2 (or Tdex/2). The rms l e v e l  of the scanning remnants are given by 
X 
- 
or 
(A-24) 
Therefore the scanning noise scales with the signal amplitude on each 
display as well as with the effective dwell  fractions on each display, 
qeg  and ‘7%. 
Switched Win Model Algorithm. The selection of the switched gain 
model parameters for the various loop closures i s  an i te ra t ive  process .  
It starts with a system survey where each of the control  tasks  i s  analyzed 
to  def ine the range of  possible  pi lot  behavior  in  terms of the equaliza- 
t i ons  adopted, the crossover frequencies attained, and the  dominant modes 
of display motion, using the quasi-linear pilot model adjustment rules. 
The ground rules fo r  t h i s  ana lys i s  have already been discussed. Past 
experience (Ref. 4 )  would indicate that the phase and gain margins 
should be larger than would be the case if  there  were no scanning 
remnant. The desired outputs of this step include the foveal crossover 
frequency, wfi (not necessarily the best  achievable) , a range of 
possible crossover frequencies, qai ( r e s t r i c t e d  because of the ccn- 
d i t iona l  s tab i l i ty  charac te r  of  some loops and/or the need-based on 
past  experimental  observation-  of  considerable  phase  margin  in  these 
loops), and the dominant display motion frequencies (usually, but not 
always, t h e  same as the achievable crossover frequencies). 
On the  basis of the preceding step, select the effective dwell 
fractions, qe., and achievable crossover frequency, coca. , f o r  each 
1 1 
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loop in  the several  tasks .  In  par t icular ,  fol lowing a t y p i c a l  i t e r a t i v e  
sequence : 
a. Select  ucai based on reasonable values of q e i  i n  
each loop, according t o  
where u+ i s  close to  the foveal  values  obtained f ixed 
and muving base from Ref. 1 ( i . e . ,  dependent upon pas t  
experimental results modified, if necessary, by the 
results of the  system survey). 
b. Select a i  = u)cpi/u)cf fo r  each loop such t h a t  a i  5 0.5 
( typ ica l  va lue  from Ref. 4) and compute the foveal dwell  
f ract ions,  qf . ,  according to  the  equat ion:  
1 
Some i t e r a t i o n  may be necessary t o  satisfy the  
cons t ra in t   tha t :  
In  th i s  s t ep ,  it i s  assumed tha t  the  dwol l  f rac t ion  on 
t h e   a t t i t u d e   b a l l  and the posi t ion display (CRT) a re  
effect ive f w  both the inner-lo6p tasks, and both of 
the outer-loop tasks.  (If t h i s  were not true,  there 
would be r e l a t i v e l y   l i t t l e  advantage in  using these 
combined displays. ) 
c.  Select reasonable values for the sampling  frequency 
parameter, Si, for each loop (display) based on the  
achieved crossover frequency for each display (modified, 
i f  necessary, i f  another mode i s  more dominant), 
according to: 
(A-26) 
(A-28) 
(A-29) 
A-X) 
where 
thus defining the average return time, Tsi. 
- 
d. Compute the average foveal dwell time according t o  
This dwell time should exceed 0.4 sec, based on past 
experimental  results. If it doesn't,  sane  readjustment 
i n   t h e  parameters computed up t o   t h i s   p o i n t  will be 
necessary. 
e .  Compute the effective dwell time according to: 
and t h e   t o t a l  average display scanning rate: 
f, = c ? S i  
i 
This l a t t e r  va lue  typ ica l ly  ranges between 1 and 1.3 
"looks" per second, and serves as a g r o s s  check on the 
computations t o   t h i s   p o i n t .  
f .  Define the scanning remnant power spectral  densi t ies  
according t o  Eq.  A-22. A t  th i s  po in t ,  a ten ta t ive  
definition of the closed-loop parameters in each 
loop and the scanning behavior has been obtained. 
g. Compute t h e  coherence matrix t o  check f o r  s t a b i l i t y  
i n  the  mean-square sense. This requires computation 
of the closed-loup responses t o  scanning remnant and 
gust inputs. If the coherence matrix i s  stable,  the 
i t e r a t ion  i s  complete. If not, the scanning parameters 
must be readjusted start ing with the f i rs t  step,  defini-  
t i o n  of t h e  qei. It may turn  out  tha t  no solution 
sa t i s fy ing  a l l  constraints  can be obtained.. The impli- 
cation i s  clear-the configuration is  too demanding. 
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h. Define the rms power f o r  each display variable - 
t h i s  i s  t h e  p i l o t  performance. If t h e  performance 
i s  very bad i n  one or more axes, while good i n   t h e  
remainder, it i s  l i k e l y  t h a t  t h e  system can be 
r e i t e r a t e d   t o  improve t h e   r e s u l t s .  
In  th i s  subec t ion ,  the  resu l t s  of t he  system survey of the var ious 
loops that  the pi lot  must c lose  to  con t ro l  a l l  three tasks,  are summarized. 
From these considerations are derived the postulated scanning traffic for 
these cases. Two example calculat ions for  the extreme cases of the longi- 
tudinal  dynamics are presented. 
Assumptions and Ground Rules 
To simplipY the calculat ions and also to ease configuration canparisons, 
the following ground rules are followed: 
a. 
b .  
C .  
a. 
A l l  calculations are based on one scanning t r a f f i c  
set  for the fixed-base cases and a s l i g h t l y   d i f f e r -  
ent set f o r   t h e  moving-base cases. 
An additional time delay penalty due t o  scanning the 
display panel was added i n t o  each task. This amounted 
t o  zs equal t o  0.05 sec (Ref. 2 ) .  See Fig. A-7 f o r  
the locat ion of  this  T~ in  the  longi tudina l  task  model. 
The p i lo t ' s  l ead  in  the  p i t ch  a t t i t ude  c losu re  
i s  always adjusted to cancel the short-period 
real root. This i s  accomplished d i r e c t l y  f o r  
the fixed-base cases whereas for the mwing- 
base cases,  the blend of the visual and motion 
pathways i s  used t o  accomplish this  cancel la t ion.  
In  addi t ion ,  th i s  lead  se lec t ion  i s  appl ied  to  the  
l a t e r a l  aynamics cases as appropriate. 
The p i lo t ' s  pos i t ion  lead ,  Tk, was  s e t  e q u a l  t o  one 
sec for  a l l  cases, both the longitudinal dynamics 
cases and the corresponding side deflections i n  t he  
la te ra l  cases .  While t h i s  s t e p  may seem somewhat 
arbi t rary,  it does considerably simplify the resulting 
comparisons, and we shal l  es t imate  the consequences of 
other posit ion lead values i n  a l a t e r   s ec t ion .  
A-22 
The loop crossover frequencies are based on the resul ts  of  Ref .  1,  
which used the same simulator used in these experiments.  In a single- 
loop roll control task Ref.  1 measured about 3.3 rad/sec moving base and 
2.2  rad/sec fixed base. These numbers were fairly constant for a wide 
range of controlled element types from the  extremes of no low frequency 
lead  required  to  a very  large amount of low frequency lead required. 
While these f igures  may be somewhat less than the absolute  best  that  
can be achieved for single-loop tasks,  they nevertheless seem t o   r e f l e c t  
t y p i c a l  p i l o t  loop closure tightness. Therefore these two crossover 
frequencies are used as reflecting the upper limits t h a t   t h e   p i l o t s  
w i l l  use i f  they could put f'ull at tent ion on the pitch angle or the  
bank angle task. Further, these two  numbers ind ica t e  tha t  t he  p i lo t  
can increase his crossover frequency by roughly 50 percent from fixed 
base t o  moving base, and t h i s   s h a l l  be r e f l ec t ed  in  a l l  loop closures. 
Based on the foregoing and a careful survey of the loop closures across 
a l l  the configurations, pitch angle closures of 1 .5 rad/sec fixed base 
and 2.251 rad/sec moving base were assumed. These a l so  app ly  to  the  
l a t e r a l  dynamics. A W t h e r  r a t i o n a l e  f o r  t h e  lower values i s  the 
recommendation i n  Ref. 4 that  larger  than normal s t a b i l i t y  margins 
(gain and phase) should be allowed t o  provide room fo r   t he   e f f ec t s  
of display scanning which can exc i t e   l i gh t ly  damped closed-loop modes. 
The outer or  posit ion loop was always closed at 0.5  rad/sec, both 
l a t e r a l  and longitudinal.  Again, t h i s  i s  based on the  system survey 
of the l ikely loop closures and, in  addi t ion,  i s  based on the Ref. 18 
re su l t s  where the outer loop was closed about 0.8 to 0.9 rad/sec. (The 
Ref. 18 si tuat ion landing approach control of pitch and a l t i t u d e  i s  
qui te  similar to  the  longi tudina l  task  here ,  cont ro l  of  p i tch  and 
posi t ion.)  The selection of p i lo t  l ead  in  the  pos i t i on  loop ( T h  = 1 .O see) 
i s  consistent with the measured data i n  Ref. 18 f o r  a s imilar  task.  These 
data indicate -that the outer loop lead time constant does not get much 
larger   than  this   value.  
The al t i tude loop can be closed a t  a f a i r l y  low crossover frequency, 
0.4 rad/sec. This value i s  far lower than what one would expect for 
sTzrqle s ingle  loops with good damping character is t ics .  However, t h i s  
value is  forced by scanning limitations as shown i n   t h e  next subsection. 
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S canning Traffic 
The fixed-base and moving-base scanning t r a f f i c  parameters are shown 
i n  Table A-I1 for  the three display instruments .  The p i t ch  and r o l l  
angles are on one cmbined display and the forward and l a t e r a l   p o s i t i o n s  
are combined on another display. A key assumption used in  the  pred ic t ions  
here i s  t h a t  when t h e  p i l o t  f i x a t e s  t h e  combined display, he gathers both 
pieces of information with no scanning penalty. This i s  based on the  
discussion in  Appendix C of Ref. 4 where pertinent experimental data was 
examined and t h i s  conclusion drawn. In Table A - I 1  the  second column 
labeled i s  the  actual  crossover  frequency at which the  various  loops 
were closed. The o ther  quant i t ies  in  the  tab le  are a l l  discussed in 
de ta i l  in  the  next  subsec t ion .  The basic constraint ,  of  course, i s  t h a t  
the foveal dwell fractions, rli, must sum t o  1 or l e s s .  The following 
points are noted: 
a i  
a. The p i l o t  spends be t te r  than  73 percent of his 
t ime observing the displays pertinent to the 
multiloop lateral and longitudinal tasks. This 
leaves  re la t ive ly  l i t t l e  t ime ava i lab le  to  scan  
the al t i tude display,  and i s  the major reason 
f o r   t h e   r e l a t i v e l y  low crossover frequency in 
t h i s  loop. 
b .  The overall  display scanning rate given by the 
sum of the fsi numbers fa l ls  between 0.91 and 
1.14 looks  per  second. This i s  a l i t t l e  low 
because the scanning traffic was o r ig ina l ly  
computed including a direct ional  control  task.  
The Ref. 3 r e s u l t s  for an al l -axis  landing 
approach task with ILS display (no f l ight  
d i r ec to r )  showed overall scanning rates ranging 
between 1 .02 and 1 .36. Thus , the average number 
of f ixat ions per  second around the display seems 
t o  be typical, perhaps a l i t t l e  low.  
c .  The higher pitch att i tude crossover frequency 
fo r   t he  moving-base case demands a more frequent 
scanning  of   the  a t t i tude  bal l   d isplay,   but  
less t ime i s  spend f ixa t ing  it (Tdf) on each "look" 
because much of the lead i s  generated using motion 
cues . 
TABU A - I 1  
SCANNING TRAFFIC FOR ALL CASES 
A. Fixed-Base 
B. Moving-Base 
0-763 
0.627 
0.575 
0 * 929 
0.929 
0.682 
0 237 
0.216 
1.135 
*The sum of the foveal dwell fractions i s  less than unity because the analysis 
originally included the directional control task, the scanning traffic for which 
i s  not shown. In  effect ,  a  v,ther = 0.071 i s  assumed. 
Example Cases (Ms = -4 and 0) 
The two extremes of d i f f i c u l t y  for  longi tudina l   t asks   i l lus t ra te   the  
loop closures and coherence matrix aspects of t h i s  study. Figures A-9 
through A-I2 i l lus t ra te  the  inner -  and outer-loop closures for the fixed- 
and moving-base cases for Mq = -&. Figures A - I 3  through A-16 i l l u s t r a t e  
the inner- and outer-loop closures for the fixed- and moving-base cases 
for M = 0.  In  both instances, the motion f i d e l i t y  f i l t e r s  were assumed 
t o  be equal t o  a f i r s t -order  lag  a t  10 rad/sec for angular motion ( H e )  
and a second-order lag, a t  5 rad/sec, with a damping r a t i o  of 0.7 of 
c r i t i c a l  (%). Table A - I 1 1  summarizes the  crossover  frequency,  gain 
9 
TABU A - I 1 1  
LOOP c m s m  S M Y  
Mq = A 
Attitude Loop 
Crossover Frequency 
Gain Margin 
Phase Margin 
Position Loop 
Crossover Frequency 
Gain Margin 
Fhase Margin 
Atti tude Loop 
Crossover Frequency 
Gain Margin 
Phase Margin 
Position Loop 
Crossover Frequency 
Gain Margin 
Phase Margin 
FIXED-EASE 
I .5 rad/sec 
7 d B  
46 deg 
I .5 rad/sec 
+3 dB 
-7 dB 
11  deg 
0.5 rad/sec 
4dB 
53 deg 
MOVING-BASE 
2.25 rad/sec 
6 d ~  
39 deg 
2.25 rad/sec 
+4 dB 
-1 2 dB 
18 deg 
o .5 rad/sec 
10 dB 
22 deg 
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Figure A-9. System Survey for Pitch Attitude Closure, 0 -- 6 Fixed Base, M = -4 
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margin, and phase margin for these eight cases.  A l l  of  these quantit ies 
are similar both fixed and moving base for  the M = -4 case. However, the 
higher inner-loop crossover frequency moving base should provide somewhat 
b e t t e r  performance. 
9 
For t h e  Mq = 0 cases, the inner loops are conditionally stable. !This 
i s  r e f l e c t e d   i n   t h e   g a i n  margins having positive and negative components, 
t h a t  is, the  pos i t ive  component indicates  how  much gain increase would 
produce i n s t a b i l i t y ,  whereas the negative indicates how  much gain 
decrease would produce i n s t a b i l i t y .  Note the att i tude loop phase 
margin i s  very small fixed base and somewhat larger  moving base. Both 
these values are quite a bit  less than the phase margin achieved for 
the  K = -)+ case att i tude loop. On the other  hand, the fixed base posi- 
tion loop phase margins are considerably larger for Mq = 0 than for 
Mq = 4. The moving base position loop phase margins for these two 
values of M are essent ia l ly  the  same (as are the gain margins). The 
fixed-base position loop gain margin for the M = 0 case i s  quite a b i t  
smaller than it i s  f o r  Mq = "4 case. 
9 
9 
O f  these four cases,  the largest  differences occur between fixed and 
moving base for M = 0 .  For moving base the increased attitude loop 
crossover frequency and phase margin has given much b e t t e r  damping t o  
the closed-loop phugoid mode even af ier  the posi t ion loop i s  closed. 
The fixed-base phugoid mode i s  ve ry   l i gh t ly  damped and a t  low frequency, 
and l e a d s   t o   d i f f i c u l t y   i n   e s t a b l i s h i n g   s t a b i l i t y  i n  t he  mean-square 
sense. 
9 
Coherence Matrix Stabili ty (Ms = 0 Cases) 
The effects of these loop closures on t h e   s t a b i l i t y  of t he  coherence 
determinant for M = 0 i s  i l l u s t r a t e d  i n  Eq. A-34 for fixed base and 
Eq. A-35 f o r  moving base. mese equations are numerical forms of Eq. A-8.  
Note t h a t  t h e  coherence determinant for the fixed-base case has a negative 
element i n  t h e  lower r ight  corner ,  that  is, the pi tch response to  the 
remnant on the  p i lo t ' s  p i t ch  pe rcep t ion  i s  la rger  than  one. This same 
component f o r  t h e  moving-base case shown i n  Eq. A-35 is  much smaller 
(0.173 versus 1 . 34 ) .  This  la rge  d i f fe rence  in  s tab i l i ty  i s  due t o  t h e  
9 
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very low phase margin in   the   p i tch   a t t i tude   loop   for   the   f ixed-base  
case. The moving-base case short-period mode has l a rge r  damping  and 
natural frequency compared with the fixed-base case (see the closed- 
root loops on the roo t   l oc i   i n   F igs .  A-1 4 and A- 16) due t o   t h e  reduced 
effective  t ime  delay from obtaining  pi tch  a t t i tude lead via motion 
sensws. Further, closing the fixed-base case at a d i f f e ren t  a t t i t ude  
loop crossover frequency would not  help s ignif icant ly  s ince his  achievable  
phase margin i s  highly constrained due t o  the conditionally stable nature 
of this  loop ( see Fig. A- 13). 
Thus, for t he  most diff icul t  longi tudinal  case,  the addition of motion 
cues s ignif icant ly  improves the gust response performance (see the right 
hand column vec to r s   i n  Eqs. A-34 and A-35) and further prevents an 
i n s t a b i l i t y  i n  the mean-square sense. If t h e  p i l o t s  s t a b i l i z e  t h e  
M = 0 fixed-base cases, they w i l l  most l i k e l y  have t o  p u t  a higher 
percentage of the scanning traffic on the  p i tch  d isp lay  than  shown here 
since this  reduces the size of the pi tch percept ion remnant. 
P 
M = 0, Fixed Base 9 
pitch response to  remnant inserted 
on pitch  perception 
Mq = 0, Moving Base 
Effects o f  Motion F i d e l i t y   F i l t e r s  
I n   t h e   P r i o r i t y  I11 runs of t he  experiment, i n t e r e s t  is  focused on 
the effects of simulator response lags,  in particular,  angular response 
lags. It i s  assumed, for simplicity, that a simple lag can be applied 
directly t o   t h e   p i l o t ' s  motion sensing describing f'unction, viz.: 
A- 36 
(A-36) 
where F = b/( s +b)   (h igh  
F = 1 (no f i l ter)  
frequency lag) or 
Figure A-17  shows the   e f fec ts   o f  a low p a s s   f i l t e r  on t h e   p i l o t ' s   p i t c h  
equalization, Yre , f o r  t h e  M = -4 case. A 1/2 sec time constant i s  used. 
The low pass  f i l t e r  causes  a slight amplitude increase ( I  dB) and approxi- 
mately 12 deg less phase margin. These s l i g h t  changes should have l i t t l e  
effect  since the phase margin i s  big to  begin with (39 deg) and the gain 
change can easily be adapted out. 
9 
Figure A-18 shows the   e f f ec t s  of a low p a s s   f i l t e r  on t h e   p i l o t ' s  
p i tch  equal iza t ion  for  the  M = 0 case. The low pass  f i l t e r  has  a 
0.1 sec time constant. There i s  a very slight amplitude rise but,  
more important, a 7 deg.loss of phase. This value reduces the phase 
margin from 18 deg t o  11 deg which i s  the  same as that obtained fixed 
base. Recall from the ear l ier  discussion that  the f ixed-base case was 
very  d i f f icu l t  to  cont ro l .  This  re la t ive ly  small amount of low pass 
f i l t e r i n g  should have a s igni f icant  e f fec t  on t h e  p i l o t ' s  c o n t r o l  
capab i l i t i e s ,  and hovering precision. 
9 
The analysis therefore predicts a 0.1 s e c  l a g  t o  be s ignif icant  in  
controlling Configuration 6, and a 0.5 s e c   l a g   t o  be re la t ive ly  ins ig-  
nif icant  for  Configurat ion 1, i f  it i s  assumed that  only a small discrep- 
ancy between v i s u a l  and motion cues r e su l t s .  If this discrepancy i s  too 
large,  disor ientat ion may result, leading t o   t h e   p i l o t ' s  downrating the  
configuration on that  account.  
ESTIMA!I!ED PEWORMMEE, PILOT RATINGS AND COMMENTARY 
This subsection presents and discusses the estimated performance 
measures, pi lot  opinion differences,  and p i l o t  commentary for  the  var ious  
configuration and motion conditions. The performance measures presented 
below are not  the full story.  One reason i s  t h a t  a p i l o t  may m a k e  up 
f o r  bad dynamics by extreme equalization thereby achieving the same 
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Figure A-17 .  Effects of Motion F i d e l i t y  F i l t e r s  
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Figure A-18. Effect of Motion F i d e l i t y  F i l t e r s  
on Pi lot   Pi tch  Equal izat ion (Ms = 0 )  
performance but yet he i s  working much harder  in  one instance. Thus, t he  
pi lot  opinion resul ts  take a weighted sum of the achieved performance as 
well  as the required pi lot  act ions and should give a be t te r  overa l l  
assessment of the configuration and t h e   f i x e d   t o  moving base differences. 
The primary emphasis in the following discussion i s  on f ixed  base  to  
moving base differences,  rather than the absolute values of performance 
or  opinion. The scanning t r a f f i c  used i s  t h a t  of Table A - I 1  while the 
loop closure parameters are dictated by the assumptions and ground rules  
of the preceding subsections, viz.: 
Inner-loop crossover (longitudinal and la teral  t a sks )  
i s  a t  1.5 rad/sec (FB) and 2.25 rad/sec (MEA and MBL) . 
Inner-loop lead cancels the short-period pole a t  1/T 
Outer-loop crossover (longitudinal and l a t e r a l  t a s k s )  
i s  a t  0.7 rad/sec with outer-loop lead time constant 
f i xed  a t  T r ,  = T$ = 1 sec.  
Vertical  task lead cancels the heave mode pole a t  
-( + G), with  crossover a t  0.4 rad/sec. 
SP ' 
Performance Measures 
A summary of the computed normalized (by the pertinent gust input level) 
rms values for the various motion quantities i s  l i s t e d  i n  Table A-IV. The 
phase margin and crossover frequency f o r  each loop i s  included. For t he  
r a t i o s  of the rms values  to  the gust  input  rms levels, the upper numbers 
i n  each block are the responses without scanning, while the lower values 
include the scanning remnant. 
Fixed Base, Moving Base Comparisons f o r  Good Lateral  Dynamics. The 
closure parameters for Configuration 1 fixed and moving base were discussed 
e a r l i e r  i n  t h i s  appendix. There was l i t t l e  d i f f e rence  in  the  e s t ima ted  
phase margins, but (referring t o  Table A-IV) s igni f icant  d i f fe rences  in  
the rms position excursions, going from f i x e d  t o  moving base. The s t i c k  
def lec t ion   p i tch   ra te  and pi tch  posi t ion  differences are minor with the 
moving base situation generally being smaller. The est imated pi lot  
c losure of  a l t i tude to collective has a low crossover frequency, large 
phase margin, and small posit ion excursions-this task was est imated to  
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TABLE A - I V  
NORMALIZED RMS PWFORMANCE MEASURF: SU"A.RY* 
1 r LONGITUDINAL VERTICAL 
I 1 1 -  I- 
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0.193 0.300 0.313 
- 
0.990 0.454 0.490 0.440 
1.282 0.914 
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1.283 0.696 
0 .520 
* cucy, (ucQ in  rad/sec; %' %Q' uT 'in  deg; u in ft; uV, Y in  ft/sec; u in  deg/sec; P 
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be a much smaller load on t h e  p i l o t .  The expectation was t h a t  t h e  
p i l o t ' s  primary effort  w i l l  be on the  longi tudinal  and l a t e r a l   t a s k s .  
Table A - I V  indicates that  for Configuration 1, the loop closure 
parameters and estimated performance are the same for  bo th  the  
longitudinal and lateral  tasks .  
For Configuration 2, the  f ixed  base/moving base comparisons f o r   t h e  
longi tudinal   task show r e l a t i v e l y  small differences  with moving base 
being slightly better (smaller estimated longitudinal posit ion excur- 
s ions) .  P i tch  rate and s t ick  def lec t ions  were both estimated t o  be 
s ign i f i can t ly  smaller moving base,  ref lect ing the benefi t  of t he  motion 
cues on performance. The relatively large posit ion excursions estimated 
f o r   t h e  moving base situation are probably due t o   t h e  low phase margin, 
'pmx, in the position loop closure. This could be improved i f  t h e  p i l o t  
uses a larger position loop lead than assumed for  these calculat ions 
( T L ~  = 1 see) .  If he uses, f o r  example, T L ~  = 1 .6 see moving base, he 
w i l l  achieve the same phase margin as for fixed base,  leading to a higher 
damping of t he  dominant posi t ion modes of response, and b e t t e r  performance 
i n   t h e  form of smaller position excursions. 
The closure parameters for Configuration 3 were discussed (p.  A-35) 
where it was  noted that the coherence matrix was  unstable. Thus the 
prediction i s  t h a t   t h e   p i l o t  w i l l  have a ve ry   d i f f i cu l t  time controlling 
the longi tudinal  task.  If the  remnant e f f e c t  i s  ignored,  Table A - N  
predicts  a better longitudinal response t o  gusts, moving base-much 
lower p i t ch  and pitch rate response. Configuration 3 i s  therefore 
es t imated to  be qui te  sensi t ive to  motion cue effects, primazily due 
t o   t h e  small phase margin estimated for the inner, pitch loop closure. 
Overall ,  the estimated pilot  closures and performance in  the  longi -  
tud ina l   t ask  shows t h a t  motion cues will be of posit ive benefit  for 
Configurations 1 , 2, and 3J and w i l l  be of grea tes t  benef i t  for  the  
most diff icul t  (Configurat ion 3 ) .  Even so, t he  performance will 
deteriorate going from Configuration 1 t o  Configuration 3, moving base. 
Fixed Base, Moving Base-Cqarisons for Bad Lateral Dynamics. 
When t h e  l a t e r a l  dynamics are bad (Configurations 4, 5 ,  and 6) control 
over these dynamics i s  s ign i f i can t ly  worse than for Configurations 1 ,  2J 
" ~ _ _  
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and 3 (Table A - N ) .  The rms lateral posit ion deflections are nearly as 
large as the longitudinal excursions for Configuration 3. It will be 
ha rde r   fo r   t he   p i lo t   t o  contend with de-ikeriorated longitudinal dynamics. 
Consequently it was estimated that Configuration 6 would have the poorest  
performance (assuming that it i s  controllable at a l l - the  longi tudina l  
task has an unstable coherence matrix), par t icular ly  f ixed base;  and would 
have the  pool-est pi lot  opinion.  
Vertical Dynamics Cases. The damping of t h e  v e r t i c a l  mode i s  reduced 
from Configuration 1 t o  7 t o  8 such tha t  the vehicle becomes more gust 
sensi t ive.  This shows  up in the predicted performances in that  f o r  t h e  
same crossover frequency and essentially the same phase margin the  rms 
alt i tude deviations increase markedly as does the  m s  a l t i t u d e   r a t e s .  
However, the m s  s t ick  def lec t ions  a re  essent ia l ly  unchanged. Thus the 
relatively large deterioration in performance for Configurations 7 and 8 
may force a redis t r ibut ion of scanning  a t ten t ion  to  the  ver t ica l  axis 
display. No f i x e d  t o  moving base differences were predicted in  the 
v e r t i c a l  mode since a l l  the avai lable  data  indicate  that only angular 
cues produce significant differences. However, Configurations 7 and 8 
w i l l  s t i l l  have fixed and moving base differences due t o  motion cue 
sensing of the longitudinal and l a t e r a l  motions. The p i l o t  w i l l  be 
a b l e   t o   d i v e r t  more a t t e n t i o n   t o  the  v e r t i c a l  task mo-ging base because 
the  motion cues a r e   h e l p f i l   i n   t h e   o t h e r  two tasks .  
Effects of P i lo t  Location. Configurations 9 through 1 1  are intended 
t o  i d e n t i m ,  by performance comparisons w i t h  Configurations 1 through 3, 
t he  e f f ec t s  of p i lo t  loca t ion .  The p i lo t ' s  be ing  loca ted  in  f ront  of  
the c.g. w i l l  provide coupling between pitch angle motions and v e r t i c a l  
deflections tha t  he can sense. Pitching motions involved in controlling 
the longitudinal dynamics produce ver t ica l  def lec t ions  which are sensed 
v i a   t h e   u t r i c l e s .  
As discussed in Ref.  1 the  u t r icu lar  sensors  have a passband of about 
1 .> rad/sec. Thus, due to  the  c ross feed  e f fec ts  of the p i lo t ' s  l oca t ion  
i n   f r o n t  of the c.g., his u t r i c l e s  would be sensing axe f o r  low frequencies 
This may be of some help in  control l ing the moving base cases. However 
th i s  cue i s  not much different  than sensing 6 via the semicircular canals. 
.. 
The l a t t e r  i s  good over a wide frequency range and was the   bas i s  of our 
model i n  which these cues are used to   he lp   p rovide   l ead   in   cont ro l l ing  
p i t ch .  It i s  not clear whether the linear cues w i l l  give a unique 
indication of pitching motions such that the l ikely effects could be 
easi ly  predicted.  In  addi t ion,  the pi lot  i s  confronted with the task 
o f   t r y i n g   t o  sort  out those portions of the alt i tude motions which a re  
i n  response t o   a l t i t u d e   g u s t s  from those portions which a re  due t o  
p i tch   angle   feeding   in to   the   a l t i tude   d i sp lay  and simulator motions. 
He may use a cross controlling technique between the elevator  and 
c o l l e c t i v e  t o  o f f s e t  t h e  & ef fec t .  With a l l  these  poss ib i l i t i es ,  
plus the lack of any data  which show any s ignif icant  effects  of  
u t r i c u l a r  cues, the best  es t imate  was tha t  loca t ion  e f fec ts  are 
minimal. 
Pilot  Ratings 
The predic ted   p i lo t   ra t ings  were based largely upon some work i n  
Ref. 19 where a p i l o t   r a t i n g  formula that weights position excursions, 
p i tch  ra te ,  and the various leads required was presented. The p i l o t  
r a t ing  formula was developed s p e c i f i c a l l y   f o r  a hovering VTOL using a 
contact analog display ( i . e . ,  VFR conditions). For the experimental 
situation,  the  formula  used was : 
PR = 3.0 + ATL, + 2.5(T~@ + TL~) + 1 .25(AuX + b y )  (A-37)  -" 
Maximum Values "t 1 .2 6.5 5 .o 
where the  A terms refer t o  changes i n   a l t i t u d e   l e a d  and horizontal  
position excursions from the Configuration No. 1 condition, fixed base. 
The formula has rating penalties based on horizontal position excursions 
and visual lead generation in  the var ious tasks  (penal t ies  for  angular  
rates are small f o r  t h e  levels in  this  experiment) .  The factor  of  3.0 
i s  an estimate of the general set effects,  the posit ion lead generation 
requirements, and the  e f f ec t s  of control l ing a l l  axes simultaneously. 
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The es t imated  p i lo t  ra t ings  resu l t ing  from t h i s  formula are given i n  
Table A-V, wherein the ratings given are rounded off t o   t he   nea res t   ha l f  
rating point modified by further interpretations of loop closures and 
scanning t r a f f i c .  The change in the visual lead requirements going from 
f i x e d   t o  moving base i s  such as t o  reduce the rating penalty and improve 
t h e   r a t i n g   f o r   t h e  moving base cases. 
Pilot Canrmentary 
Estimated pilot ccmunentary i s  given i n  Table A-VI for Configurations 1, 
2, and 3, for fixed and  moving base conditions. For Configurations 4, 3, 
and 6, comments concerning the la teral  task should be equivalent  to  those 
for the longitudinal task,  Configuration 3. In  pa r t i cu la r ,  fo r  Configura- 
t i o n  6, the predicted commentary should ref lect  incipient  loss of control.  
PREEXPER-L ANALYSIS SUMMARY 
The analyses discussed in this appendix have made use of a multimodality 
(motion as well as v isua l  cues)  p i lo t  model, modified t o  take account of 
display scanning effects. The predicted scanning behavior, performance 
and p i lo t  r a t ings  have been outlined. The resul ts  of  the analysis  may be 
qua l i t a t ive ly  summarized as follows: 
Configuration Effects 
1 .  The configurations selected should range from e a s i l y  
controllable (Configuration 1 ) t o  marginally controllable 
(Configuration 6) ,  especially fixed base.  The range  of 
cases selected should be a seve re  t e s t  of the multi- 
modality  pilot  model. 
2. Moving base simulator excursions may exceed simulator 
limits for  d i f f icu l t  cases ,  presuming an input gust 
level  of  3 r t / s e c  i n  a l l  axes. A reduct ion  in  th i s  
l e v e l  of exci ta t ion may be necessary for running the 
experiment. 
3. The e f f ec t s  of locating the pilot  forward of the 
center of gravity should be minor, a t  leas t  wi th  
regard t o  performance. However, h i s  r a t i n g  may 
r e f l e c t   t h i s  change due t o  t h e  c r o s s  coupled motion. 
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TABIZ A-V 
ESTIMATED PILOT  RATINGS,  FIXED BASE 
1 .25noY* 
1.2 
1 .a 
1.2 
0 
0 
2 .5TLe 
2 .5TLrp 
0.6 
0.6 3.25 
0.6  2.1 
0.6 
0.6 
2.1 
3 
0 .6  0.6 
3 3.25 
3 
0 .6  0.6 
ATL, 1 TOTAL 
0 I 1.2 
“ 1  0 
0 .,5 
2.4 1.2 
1.7 
TOTAL + 3 
4.2 
6.3 
05 
7.8 
10 
a, 
4.7 
5 -4  
PREDICTED 
4 
6.5 
8 
7 
8 -5 
9-  10 
4 *5 
5 -0 
I .25n~,* 
1 ,  9 
0 -9  2, 10 
4 . 6  
0 -9 3, 1 1  
4 4 . 6  
5 0 -9  
6 0 -9 
7 - 0 . 6  
8 -0.6 
L 
TABLE A-V (Concluded) 
ESTIMATED PILOT RATINGS, MOVING BASE 
1 . 25hY" 2 . ~ T L @  
-0.6 
1 . 1  -0.6 
0.4 
2 -0.6 
1 . 1  
1 . 1  1 . 1  
0.4 
2 1 . 1  
-0 .6  
0.4 -0.6 
0.4 
2 .5TLq 
0.4 
0.4 
0.4 
1.5 
1.5 
1.5 
0.4 
0.4 
ATL, TOTAL 
2.4 
0 
5 *5  0 
4.6 
0.5 
0.8 1.2 
0.1 
ESTIMATED 
RATING 
TOTAL + 3 PILOT 
2.6 
3.5 3.8 
3 3.1 
8 -5 8.5 
7 *5 7.6 
5 -5 5.4 
6 5.7 
5 4.8 
2 95 
*Assumes uug = uvg = 3 f't/sec, rms. 
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TABLE A - V I  
PREDICTED PILOT COMMENTS 
CONFIG. 
1 
2 
3 
TECHNICAL FEATURES OF PREDICTED CLOSURES 
No low frequency lead in pitch o r  roll required. 
Low frequency lead in  position  required. 
Loops not conditionally stable. 
Low frequency lead required in   p i tch  and x, y 
positions. Motion cues lessen visual  lead needs 
Pitch loop conditionally stable. 
Low frequency lead required i n  pitch  especially 
fixed base where phase margin i s  very low. 
Pitch loop conditionally stable. Motion cues 
lessen  visual  lead needs. 
TRANSLITION INTO L m L Y  PILOT  COMPENTS 
1 .  Pitch and roll are easy to  con t ro l  and 
positions require some anticipation. 
2. Good performance 
3. Not too sensi t ive in  any axis. 
4. Moving base position can be controlled 
somewhat better than fixed base. 
Fixed Base: 
1 .  Must avoid wrong corrections on pitch 
display since stick reversal  errors can 
produce large excursions. 
2. Must anticipate pitch motions. 
3. Tight  pitch  control  necessary 
Moving Base: 
1 .  Pitch control not as sensit ive as for fixed 
base, can anticipate pitch motions more 
confidently, However must s t i l l  anticipate 
posi t  ion  changes. 
Fixed Base: 
1 . Must monitor pitch very closely.  Avoid stj.ck 
2. Can't keep both position and pitch well  con- 
t ro l led  as both require much anticipation. 
Moving  Base : 
1 .  Pitch task significantly easier than for fixed 
base, Can keep a l l  motions reasonably well 
controlled (nearly as good as Configuration 2 ) .  
reversal  errors.  
2. Must s t i l l  avoid s t i ck  reversal errors .  
Motion Effects 
1. 
2. 
3 .  
4. 
Motion effects should range from moderate for  easy  
cases t o   v e r y   s i g n i f i c a n t   f o r   t h e  most d i f f i c u l t  
tasks .  The moving/fixed base performance differences 
should  range  from small t o  subs t an t i a l .  However, 
pilot  opinion moving base should always be b e t t e r  
than fixed base since it i s  a weighted sum of both 
performance and the  p i lo t ' s  ac t ions  necessary  to  
achieve that performance, i.e.,  heroic efforts 
fixed base might produce the same performance 
measures as moving base but  the pi lot ' s  opinion 
w i l l  r e f lec t  these  extreme e f f o r t s .  
For moving-base cases  the pi lot  model uses angular 
motion cues t o  a i d  i n  p i t c h  and roll control. This 
r e s u l t s   i n  a lower effective t ime delay compared t o  
fixed-base cases. 
There should be minor differences between moving 
base runs with angular motion only (m), and those 
with l inear  and angular motion (MBL). 
The e f f ec t s  of simulator lag should be most e a s i l y  
f e l t  on the  most diff icul t  configurat ion (where 
motion cues a re  of t he  g rea t e s t  bene f i t ) .  
Display Scanning Behavior 
1 .  The separated displays used in this multiloop multi- 
axis task s i tuat ion require  pi lot  scanning.  The 
switched gain model predicts reduced crossover fre- 
quencies due to  th i s  a t ten t ion  shar ing  ( reduced  from 
the values that could be achieved in each loop if  it 
were controlled as a s ingle-ax is  task) .  
2. The p i l o t  should spend a large percentage of the time 
on p i t ch  and posit ion displays.  For t he  ve ry  d i f f i cu l t  
configuration he should devote an even l a rge r  f r ac t ion  
of a t t e n t i o n   t o   t h e   p i t c h  and roll display a t  least 
for the fixed-base cases. 
3. For the moving-base cases  the higher  pi tch at t i tude 
crossover frequency demands more frequent scanning 
of t he  a t t i t ude  d i sp lay  bu t  l e s s  time is spent  f ixat ing 
it on each look because much of the  lead  i s  generated 
using vestibular cues. 
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4. The pilot 's  display scanning generates remnant  which 
can have an important effect on t h e   p o t e n t i a l   s t a b i l i t y  
of each loop. The reduced crossover frequencies men- 
tioned above are  beneficial  in  prevent ing this  scanning 
remnant from exc i t ing   l i gh t ly  damped modes and causing 
p o t e n t i a l  i n s t a b i l i t i e s  i n  t h e  mean-square sense. For 
a configuration where both longitudinal and l a t e r a l  
dynamics are  extremely diff icul t ,  the  model predicts  
an incipient  loss of control for the fixed-base cases.  
This condition i s  a l lev ia ted  for  the  moving-base case 
due t o   t h e  lower effective time delay. 
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PEBFORMANCE AND SCANNING DATA FOR CO~IGURATIONS 1 ,  3, 4, AND 6 
Tables B- I  through B-XI1 l i s t  the  performance for these configurations 
f o r  each  subjec t  for  the  Pr ior i ty  I, 11, and IY experiments. Some of t he  
P r i o r i t y  I11 data i s  also included where tha t   da t a  i s  pe r t inen t   t o   be  a 
zero motion lag condition. The data  i s  annotated in many cases t o  i n d i c a t e  
why cer ta in  runs were repeated, and parentheses are used to  ind ica te  those  
data points not used in the performance averages presented in the main 
body of the report .  Certain additional runs on these configurations were 
made which are not given. These involve errors  in  setup (e .g . ,  GB r an  s ix  
runs on Configuration 6 where Lp was inadver ten t ly  se t  to  zero  ins tead  of  
-0.5) or procedure. 
Table B-XI11 presents the scanning data obtained from the   P r io r i ty  IV 
experiment. 
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TABLE B- I  
CONFIGURATION NO. 1 PERFORMANCE, SUBJECT RG 
1 
MOTION W A R M U P  
CONDITION 15 DEC . 
FB 
ME& 
MBA 
- 
0 .  230 FB 
- 
MBL 
MBA 
0.161 
0.430 FB 
MBL 0.265 
MBA 
FB 0.589 
MBL 
MBA 
0.414 
3.611 FB 
MBL 1.398 
MBA 
FB 0.524 
MBL 0.361 
MEA 
FB 2.096 
MBL 1.876 
MBA 
FB 0.543 
MBL 
MBA 
0.420 
1.118 FB 
MBL 0.914 
FB 4.323 
MBL 
MBA 
2.512 
6.5 FB 
MBA 
MBL 
MBA 
6.0 
WARMUP PRIORITY I1 PRIORITY IV 
17 DEC. 17 DEC. 18 DEC. 
- 168 222 
167 223 
1 69 224 
- 
0.232 0.185  0.289 
0.268 0.200 0.207 
0.192  0.254 
0.457  0.421 0.355 
0.394  0.386  0.332 
0.316  0.475 
0.776  0.704  0.431 
0.584  0.700  0.468
0.503 0.570 
2.828 2.510 1 .220 
2.010  2.452 1 .bo1 
1 .936  1.981 
0.561  0.479  0.423 
0.424  0.317  0.354 
0.405  0.506 
1.871  2147 1 .292 
1.500  1.366 1 -330 
1.190 I. 671 
0.468  0.510  0.427 
0.431  0.427  .415 
0.470  0.469 
1.028  1.2 0  0.759 
I. 152 1.053  0.901 
0.861  0.942 
3.543  3.518  1.9 2 
2.760  2.997 2.131 
2.430  2.757 
6.25  6.5 
225* 
0.270 
0.545 
-0.542 
I. 251 
0.445 
1.069 
2.989 
7.0 
AVERAGED 
PERFORMANCE 
0.22 
0.21 
0.22 
0.44 
0.34 
0.40 
0.66 
0.54 
0.54 
2.5 
1.8 
2.0 
0.51 
0.36 
0.46 
1.7 
1.5 
1.4 
0.48 
0.42 
0.47 
1 .o 
1 .o 
0.9 
3.0 
2.6 
2.6 
6.7 
6.4 
6.4 
*This additional run was  made because of EPR cdibrat ion problems on R u n  222. 
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TABLE B-I1 
CONFIGURATION NO. 1 PERFORMANCE,  SUBJECT EF 
0.432 
0.365 
0.4% 
0.L43 
4 -  
~ 0.423 
' 0.L29 
-L - 
0.428 ~ 0.374  0.3 1 ~ : 0.493 1 0.3971  . 61 ~ 0.47 I 
0.440 1 0.388 ' 0.517 O . X i  0.311' 0.40 ~ 
0.547 ' 0.487 ' 0.4% (0.759.) 0.618!(0.666) 0.5421G.583'  0.451 j 0.52 
0.553 I 0.463 I 0.460 , ' :0.603! 10.5421 0.502' 0.59 
0.532 0.513 I 0.501 10.492l 0.376' 0.48 
." . L L .. . .. "" " 
t 
TABLE B-I11 
CONFIGURATION  NO. 1, SUBJECT  GB 
~AFMIJF IPRIORITYI, CONFIG. 1 I WARMUP 1 PRIORITY I, CONFIG. 9 P R I O R I T Y  I1 P R I O R I T I I V   P R I O R I T T  IV AVERAGED 
15 DEC 17 D E  18 DEC PERFORMANCE 
129 141 173 206 219 
128 
140 ~ 174 
207 220 
127  139 5 208 221 
I 
0.072 0.062  0.1 5 0.069 O.Ob9 0.08 
0.071 0.0671 0.107 0.104 0.062 0.08 
0.126 0.174! 0.136  0. 82 0.100 0.10 
0.179 0.231 I 0.263 ' 0.225 I 0.181 1 0.20 
0.215 0.169  0.214 ! 0.169 0.210 i 0.22 
0.303 ' 0.273 0.256 , 0.227 ' 0.235 0.24 
12 DEC 12 DEC 
-
0.115 
0.100 
0.073 
0.052 
0.174 
0.288 j 0.157 
0.177 
0.074 
0.197  0.23  
0.219 0.224 
0.489  0.569 
0.560  0.550 
0.476 
2.662  3.107 
3.263 2 . 9 5  
"" 
__ 
0.232 
0.230 
0.199 
" 
0.436 
0.539 
~ 
2.493 
2.695 
..
0.570 , 0.400 ~ 0.551 
0.564 ' 0.504 1 0.555 
0.512 
3.161 2.740 2.191 
3.150 3.161 3.233 
t L i c 
0.467 
0.495 
0.407 ' 0.581; 0.601 
0.516 ' 0.415i 0.419 
0.705 ' 0.587; 0.605 
1.920 3.000; 3.156 
2.428 3.423 2.012 
3.836 3.146 3.102 
0.453 
1 0.504 
1 0.393 
2.573 
. -  
3 . m  
I 0.410 0.47 
I 0.463 0.52 
: 0.432 ~ 0.51 
2.114 2.6 
2.584  2.9 
1.937  3.0 
0.360 
0.655 
0.377 -
2.071 
3.469 
2.308 
0.480 
3.339 t 2.486 
i 
2.312 
2.863 I 3.803 ' 
1 .Ob0 3.069 
1.791 2.379 
2.292 +- ' 3.740  3.999 3.156 1 4.237 
0.864, 1.813 2 . 3 3  
2.771 1.578 1.802 
1.869  1.7 
j 1.587  1.503 ' 2.261 
4.220 ' 4.465 
+- 
I 
TABLE B-IV 
CONFIGURATION NO. 3 PERFORMANCE, SUBJECT RG 
I PERFORMANCE VARIABLE " -~ MOTION CONDITION 
FB 
MBL 
MEA 
FB 
MBL 
MBA 
FB 
rn 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
" 
~. 
.~ . . 
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PRIORITY 11 
15 DEC. 
144 
143 
142 
1.122 
0.656 
0.663 
1.352 
0.605 
1.185 
0.676 
0.928 
4.146 
0.724 
3.137 
3.515 
0.578 
0.368 
0.517 
2.392 
1 .772 
2.398 
0.419 
0.440 
0.489 
1 .ogo 
1.524 
1.448 
4.909 
3.912 
4.495 
9.5 
9.0 
9.25 
TABU B-V 
CONFIGURATION NO. 3 PERFORMANCE,  SUBJECT EF 
PRIORITY I, 
CONFIG. 11 CONDITION DEC. 
FB 77 78 
MBL 79 80 
MBA 
FB 1.128 1.242 
MBL 1.129 1.117 
MBA 
FB 0.81 1 1.016 
MBL 0.660  .735 
MBA 
FB 0.662 0.914 
MBL 0.686 0.703 
MBA 
FB 1.844  3.520 
MBL 2.758  2.431 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 2.234  2.56  
MBL 2.185 2.073 
MEA 
FB 3.660 4.886 
MBL 4.454  3.655 
MEA 
FB 7.0 7.5 
~" 
MBL 7.0  6.5 
m 
PRIORITY I, 
CONFIG. 3 
1 1  DEC. 
P R I O R I T Y 1 1   P R I O R I T Y 1  1 16 DEC. I 18 DEC.  202 
91 
89" 
1.250 
1 * 237 
(0.981" 
1-253 
1 039 
(0.665*, 
0.881 
1 - 035 
(0.740", 
2.796 
2.152 
(3.920"; ____ 
0.392 
0.456 
(0.390"; 
3 A96 
3.102 
(3.917'; 
0.410 
0.596 
1.838 
(2.650.) 
(0.484*: 
1 -970 
"- 
4.840 
4.258 
(6.143") ~_ 
8.0 
8.0 
(7.5" 1 
~ . "_ 
I 
I 
90  156 20 1 
(1.248") 0.937 1 * 179 
~ 1.013 1 .oog 0.981 
0.842 0.960 0.862 
( 1  -747") 0.779 0.957 
0.590 0.832 0.671 
0.663 0.736 0.628 
(1.36") 0.719 0.839 
0.490 0.843 0.604 
0.695 0.690 0.616 
(3.769") 1.782 3.492 
1.676 2.766 2-913 
2.643 1 -755 2.689 
(0.601 * ) 0.559 0.379 
0.405 0.382 0.307 
0.348 0.323 0.339 
(3.391") 2.249 2.321 
2.237 2.835 1.708 
2.038 1.832 2.882 
(0.589") 0.465 0.593 
0 * 572 0.455 0.647 
0.595 0.491 0.717 
(3.230") 1.741 1.435 
1 .g10 1.320 1.932 
2.161 1 ,374 1 -569 
(6.011")  3.357 4.431
3.386 4.175 3 -890 
3.976  2.885  4.242 
(8.0") 
1.15 
1.08 
0.89 
0.96 
0.76 
0.67 
0.83 
0.70 
0.67 
2.7 
2.5 
2.4 
0.43 
0.39 
0.34 
2.5 
2.4 
2.3 
0.56 
0.61 
0.60 
2.0 
1.9 
1.7 
4.2 
4.0 
3.7 
7.5 
6.9 
6.8 
- 
*Subject checking attitude ball for sticking. 
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TABtE B-VI 
CONFIGURATION NO. 3 PERFORMANCE,  SUBJECT GB 
?ERFORMANCE 1 MOTION I PRIORITY I, CONFIG. 3 VARIABLE CONDITION DEC. T 
FB 1 .099 
ae MBL 0.653 
0.590 (deg 1 MBA 
FB 0.554 
(JU MBL 0 - 775 
(f t /sec)  MBA 0 - 735 
FB 3.824 
3.108 
3.610 
(JX MBL 
(ft 1 MBA 
% MBL 0.276 
FB 0.287 
(deg 1 m 0.360 
FB 2.715 
uY MBL 2.414 
(ft 1 MBfl 3.334 
(JW 
( f t /sec)  
(JZ 
(ft) 
'disp 
(ft)  
PR 
40 
36 
38 
0.803 
0.855 
0.741 
0.743 
0.698 
0.652 
0.719 
0.722 
0.801 
2.545 
2.354 
3.553 
0 * 309 
" 
0.389 
0.399 
3 - 029 
3.253 
2.835 
0.398 
0.393 
0.436 
__ 
1.513 
1 -783 
2.160 
4.235 
4.393 
5.033 
8.0 
6.5 
5.5 
-~ . , 
PRIORITY I, 
CONFIG. 1 1 
10 DEC. 
49 
51 
0.860 
0.685 
0.814 
0.624 
0.765 
0.676 
3 - 207 
2- 378 
0.420 
0.354 
3 301 
2 328  
0.504 
0.395 
1.814 
1 173 
4.947 
3.663 
8.5 
8.0 
" 
50 
52 
0.951 
0.681 
0.897 
0.684 
0.829 
0.81 1 
2.939 
3.022 
0.419 
0.339 
2.757 
2.207 
0.497 
0 - 507 
2- 075 
2.095 
4.523 
4.288 
7.5 
6.5 
T PRIORITY I1 15 DEC. 
136 
138 
137 
0.890 
0.714 
0.558 
0 - 757 
0.637 
0.493 
0.781 
0.684 
0.594 
2.949 
2.813 
2.447 
0.451 
0.407 
0.368 
3.143 
1 -903 
2.291 
~. - 
0.482 
0.568 
2.018 
0.430 
2.407 
2.139 
4.795 
3.951 
3.977 
8.0 
7.0 
7.0 
215 
217 
21 6 
0.869 
0.692 
0.615 
0.739 
0 - 733 
0.572 
0.666 
0.954 
0.733 
2.111 
4.124 
2.980 
0.317 
0 -323 
0.266 
2.200 
2.374 
2.799 
0.422 
0 593 
0.495 
2.349 
3.421 
3 - 005 
3.848 
5.860 
5.075 
7.5 
7.5 
6.5 
* R e r u n  because of EPR calibration drift on R u n  217. 
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TABLE B-VI1 
CONFIGURATION NO. 4 PERFORMANCE, SUBJECT RG 
MOTION 
CONDITION 
FB 
MBL 
.MBA 
FB 
MBL 
MBA 
FB 
MBL 
m 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
m 
MEN 
FB 
MBL 
MBA 
FB 
m 
MBA 
FB 
m 
MEA 
PRIORITY I1 
17 DEC. 
171 
170 
172 
0.190 
0.299 
0.224 
0.336 
0.580 
0.491 
0.538 
0-927 
0 - 777 
2.049 
2.882 
2.625 
1.593 
0.655 
0.634 
2.931 
2.675 
2.162 
0.498 
0.491 
0.448 
1 -758 
1 .644 
1 ,286 
3.985 
4.262 
3.636 
9.75 
9.0 
8.3 
B-8 
PRIORITY I11 AVERAGED 
19 DEC. PERFORMANCE 
247 
0.377 
0.596 
1 .603 
0.545 
248 
0.19 
0.30 
0.208 0.24 
0.34 
0.58 
0.404 
0.54 
0.42 
0-93 
0.694  0.71 
2.0 
2.9 
2.373  2.7 
1 a59 
0.66 
0.593 0.61 
2.9 
1.8 1 -585 
2.7 
0.50 
0.50 
0.490 0.50 
1.8 
1.6 
1 .271 1.2 
4.3 
9.8 
9.0 
8.5 8.5 
4.0 
3.124 3.5 
TABLE B-VIII.  
CONFIGURATION NO. 4 PEIIFORMANCE, SUBJECT EF 
_ _  ~ 
PRIORITY I1 
16 DEC 
~ 
Y I V  
32 
~~ 
m 3  
205 
204 
0.419 
0.260 
0.218 
0.373 
0 . 9 5  
0.268 
0.645 
-~ 
"- 
" 
0 -459 
0.374 
3.122 
.. ~ 
2.072 
1.524 
1 .1a 
0.89 
0.759 
1.955 
1.416 
1.433 
0.805 
. - - 
~ 
. " 
0.593 
0.693 
1.709 
1 .742 
1.579 
4.060 
" .. 
3.055 
2.621 
- 
- 
- 
 
:ONDITTO: 
M3TION 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBI. 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
M@. 
~ -~ 
." - 
- . 
-~ 
- . . . . . - 
- "- 
PRIORITY I 
11 DEC T TY I11 'ERFORMANCI AVERAGED IC - 
231 - 
0.337 - 
0.285 _" 
0.386 
86. 
82 
84 
(0.408' 
0 A80 
.__ 
0.510 
(0.417' 
0.423 
0.382 
(0.778' 
0.541 
- ~- 
- 
0.493 
( 4 -868' 
. 
1 e592 
2.080 
(0.969. 
0.8% 
.- 
0.753 
(2.408' 
1.672 
2.560 
~- . 
(0.608' 
0.527 
0.694 
( 2.075* 
1.378 
"" 
2.086 
(5.814' 
2.688 
. "~ 
3.503 
(8.0.) 
6.5 
7.5 
" 
85 
81 
83 
0.503 
0.433 
0 . 5 3  
0.363 
0.366 
0.472 
0.559 
0.532 
0.705 
2.339 
1.8RO 
2.891 
0.801 
0.961 
0.926 
1.722 
2.31 1 
~. 
"_ 
. . ". . 
- " 
. .  
- -. . . 
- .. 
1 . a 4  
0 .550 
0 A96 
- ". 
o .566 
1.519 
1.340 
1.437 
3.277 
3.267 
. .  
. . .  
3.717 
~ 
8 .O 
7 -0 
7.5 
~ .~ 
148 
150 
149 
0 .20g 
0.488 
0 .%4 
0.30 
0.518 
0.439 
0.602 
0.783 
0 A99 
" 
" 
"_ 
~- - - 
2.036 
2 -505 
2.333 
1 . a 6  
- " 
1 .Oh2 
0 A33 
2.389 
" ~ 
1.672 
2.149 
0.563 
0.463 
0.53 
1 .a1 
1.738 
1 .372 
3.542 
3.477 
3.456 
7.0 
. .  
. -  
~ 
7.0 
6.0 
233 
0.169 
0.274 
0.332 
0.263 
0.424 
0.231 
". 
0.33 
0.41 
0.35 0.278 
0.33 
0.44 
0.33 
0.56 
0.63 
0.47 
0.281 0.316 - 
0.404 
0.431 
0.664 
0.280 
2.843 
2.522 
1 . a 4  
~~~ ~. 
- 
0.845 
0.647 
0.433 
2.6 
2.3 
2.0 2 .bo7 1.773 1 . a 7  
1.08 
0.93 
0.77 
0.932 
0.768 0.722 
2.2 
1.8 
1.8 
1 .a3 
1 . 9 3  
0.64 
0.51 
0.57 
0.494 
0.481 0.375 
1.6 
1.5 
1.5 1.442 1 A12 0.728 
3.8 
3.5 
3.1 2.642 3 . a 5  
5 *O 
7.5 
6.8 
6.1 5.5 - 
'Subject said he was inattentive to longitudinal task. 
tNo pitch simulation drive. 
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TABLE B-M 
CONFIGURATION NO. 4 PERFORMANCE, SUBJECT  GB 
PRIORITY I 
9 DEC. 
41 
45 
43 
0.121 
0.117 
0.064 
0.214 
0.291 
0.208 
0.535 
0.510 
3.356 
3.701 
2.845 
0.690 
0.613 
2.766 
2.810 
3.537 
0 - 375 
0.614 
0.462 
0.480 
1-591 
2.455 
2.702 
4.631 
5.256 
5.283 
7.5 
7.0 
5.0 
~"  
42 
46 
44 
0.057 
0.096 
0.08e: 
0.194 
~~ 
0.226 
0.231 
~~ 
0.527 
0.529 
0.605 
3.126 
3.477 
0.767 
2.898 
0.752 
0.579 
2.949 
2.691 
2.366 
0.434 
___ 
0 - 392 
0.378 
1.729 
1.814 
1.885 
4.482 
4.506 
4.609 
6.5 
6.5 
5.5 
'RIORITY 1 
15 DEC. 
132 
130 
131 
0.086 
0.117 
0.115 
.~ 
0.224 
0.208 
0.286 
0.453 
- 
0.440 
0.569 
2.371 
2.535 
2.61 1 
0.879 
0 - 550 
0.550 
~~ 
2.861 
1.782 
1.557 
0.516 
0.418 
0.437 
2.223 
2.069 
2.701 
4.331 
3.726 
8.25 
8.0 
7.75 
4.066 
" 
PRIORIT4 
17 DEC 
~ " - . -. - ~. 
180 
182' 
179 
0.082 
I__ 
0.066 
0.088 
0.218 
~~ ~ 
~~ ~~ 
0 * 237 
0.184 
0.491 
0.523 
0.448 
. ." ~ " ~- 
2.345 
2.575 
2.194 
0 - 707 
0.589 
0.528 
2.358 
2.024 
1.192 
0-:460 
0.492 
0.366 
2.335 
2.408 
1 .lo5 
4.064 
4.065 
2 * 730 
7.0 
6.0 
5.5 
 .. . 
PRIORITY 
18 DEC. 
21 4 
21 3 
21 2 
0.067 
0.071 
0.086 
- ." -~ 
- "- 
0 355 
0.249 
0.326 
0.602 
0.461 
0.709 
4.016 
2.463 
-. . . . 
- -  " .  
3.660 
0.906 
. . . , . .- . 
0.524 
0.462 
2.096 
2.148 
2.647 
" "- 
0.501 
0.433 
0.538 
2.744 
1 -833 
2.719 
5.296 
3.747 
5.272 
7.25 
6.5 
6.0 
AVERAGE 
PERFORMAN; 
0.46 
0.44 
0.44 
2.1 
2.1 
2.2 
4.6 
4.3 
4.4 
7.3 
6.8 
~- 
6.2 
*Run 181 los t  due t o  equipment failure. 
B-10 
i A 
TABLE B-X 
CONFIGURATION NO. 6 PEBFORMANCE, SUBJECT RG 
MOTION 
CONDITION 
F B  
MBL 
MBA 
F B  
MBL 
MBA 
FB 
MBL 
MBA 
F B  
MBTJ 
MBA 
F B  
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
F B  
MBL 
MBA 
F B  
MBL 
MBA 
FB 
MBL 
MBA 
. . " " - 
- -. -" - 
W M P  
15 DEC. 
- 
- 
0.837 
0.636 
"- 
0.887 
0.610 
0.762 
0.651 
4.535 
2.155 
0.952 
0.621 
2.948 
1 .812 
0.436 
0.354 
1.721 
0.666 
5.676 
2.894 
9.5 
9.0 
?RIORITY I1 
15 DEC. 
145 
147 
146 
0.954 
~ 
"~ 
0.657 
0.596 
1.021 
0.628 
0.540 
0.863 
0.635 
0.625 
2.244 
2.857 
2.354 
1 .Ob3 
0.741 
0.664 
1.958 
1.967 
0,580 
2.420 
.___- - 
0.461 
0.442 
2.198 
1.798 
1.196 
3 -702 
4.154 
3 -292 
10 
9.75 
9.25 
WARbT.JP 
17 DEC. 
- 
- 
_ _ _  
0.813 
0.663 
0.889 
0.694 
0.784 
0.738 
3 - 057 
2.489 
0.943 
0.638 
2.206 
2.620 
-___ 
0.567 
0.448 
___ 
1 .go6 
1.676 
4.226 
3.984 
9.75 
9.5 
'RIORITY IV 
18 DEC. 
226 
2 27 
228 
___ "- 
0 * 790 
0.820 
0.618 _____ 
0.795 
0.840 
0.542 
0 * 725 
0.851 
0.542 
3 -  130 
2.531 
1 .924 
0.919 
0.645 
0.628 
2.013 
2.127 
2.408 
0.412 
0.443 
0.417 
~ _ _ _  
1.052 
1.454 
0.839 
3 -867 
3.61 1 
3.194 
9.75 
9.5 
9.0 
PRIORITY I11 
19 DEC. 
(0.675') 
(0.568') 
(0.673') 
(4.068') 
(0.612') 
(2.481') 
(0.475') 
(1.223') 
(9.0') 
(0.602') 
(0.801") 
(4.192') 
(0.617') 
(5.226') 
(9.5" 1 
AVERAGED 
?ERFORMANCE 
0.85 
0.69 
0.61 
0.90 
0.69 
0.54 
0.78 
0.72 
0.58 
3.2 
2.5 
2.1 
0.96 
0.66 
0.65 
2.3 
2.2 
2.2 
0.50 
0.43 
0.43 
1.7 
1.4 
1 .o 
4.4 
3.7 
3.2 
9.8 
9.4 
9.1 
'Performance decrement  suggests  different  "set" f o r  P r i o r i t y  3 runs .  
B-I 1 
TABLE B-XI 
CONFIGURATION NO. 6 PERFOFMINCE,  SUBJECT EF 
1; PRIORITY I 10 DEC 
- - 
d m  
16 DE( 
- 
- 
0.891 
0.796 
~ 
0.867 
0 362 
-~ 
1.126 
0.580 
" 
4 . a 9  
2.107 
_____ 
0.784 
0.679 
~ 
3.854 
1 .n2 
~ 
0.514 
0.501 
~ 
2.010 
1.685 
6.076 
3.228 
9.0 
8 .O 
~ 
~ 
RIORITY I 
16 DE 
153 
152 
154 
1.1- 
1.137 
i .066 
1.362 
0.726 
0.633 
1.163 
0.786 
0.633 
3.504 
2.853 
2.158 
1.348 
0.643 
0.726 
3.165 
~- 
~~ 
1.544 
2.058 
0.669 
0.472 
0.606 
3.555 
1 .m 
1 .924 
5 -792 
3.4% 
3.548 
9.5 
8.5 
8.0 
__ 
~" 
"" 
~ 
RIORITY : 
17 DEC 
187 
188 
186 
l . l e a  
0 .836 
0.882 
1 .oyj 
0.694 
0.602 
1.021 
0.751 
0.599 
4.651 
- .~ 
-~ 
-~ 
3.335 
2.981 
1 .297 
0.849 
0.683 
-~ 
2.516 
3.075 
2.274 
0.478 
0.478 
0.488 
. 
2.005 
1 . a 9  
1.576 
5.656 
4.813 
4.067 
9.5 
8.5 
7.5 
"~ - 
___ 
'RIORITY 
18 DEC 
196 
195 
1 9 4  
0.723 
0.693 
0.718 
" 
0 .y38 
0.575 
0.476 
0.654 
_ _ ~  
0.617 
0.433 
3.215 
3.190 
3.618 
- " 
- ". 
1.1 14 
0.669 
0.540 
2.21 1 
2.760 
1 .708 
0.443 
0.686 
0 . 7 4  
" ~ 
~ " 
" 
1.331 
2.124 
1 . 9 4 8  
~ 
4.122 
4.722 
4.450 
~~ 
- 
- 
- 
~ 
U"U€ 
10 DEC 
~ 
- 
- 
~ 
1 .008 
o .872 
~ 
1 . a 2  
0.894 
__ 
0 .832 
0.807 
~ 
2.133 
1 . 9 a  
" 
0.937 
0.669 
__ 
3.492 
3.873 
__ 
0.496 
0.646 
- 
2.593 
3.715 
- 
4.846 
5.701 
~ 
8.0 
6.5 
- 
PRIORITY I11 
19 DEC E R ! K l W C  
AVEPAG!D 
1.02 
0 .g1 
0.87 
0.93 
0.73 
0.65 
~ 
0.93 
0.73 
0.62 
3.1 
2.8 
2.7 
" 
1.06 
0.73 
0.62 
3.2 
2.9 
2.3 
0.54 
0.57 
0.38 
2.6 
~~~ 
~~ 
2.5 
2.3 
5.2 
4.8 
4.3 
8.6 
7.8 
7.0 
~- 
. - 
:ONDITIOOn 
M X I O N  
FB 
MBL 
MBA 
FB 
MBL 
HBR 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
HBR 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
__ 
67 
69 
65 
1.255 
0.933 
1.079 
1.264 
0.874 
__ 
-
o . 8 n  
1 . o s  
0.851 
"" 
0.774 -
2.937 
3.116 
2.193 
1 .lo1 
0.849 
0.61 1 
4.156 
3.220 
2.195 
-" 
__ 
__ 
0.59 
0.633 
0.728 
3.243 
3.359 
__ 
3.402 __ 
6.035 
5.600 
4 .608 
9.0 
9.0 
__ 
- 6.5 
239 
~ 
0.706 
245 
0.815 
0,767 
0.865 
0.484 
" 
0.497 
0.669 
. ". 
0.570 
0.824 
2.453 
2.614 2.718 
1 .a32 
2.W8 
0.582 
__ 
3.888 
2.744 
. -  
4.574 
6.5 
5.433 
8.0 
- 
B-12 
WTION 
O r n I T I O P  
. 
~ - "" - 
FB 
MBL 
MPA 
FB 
MBL 
MPA 
FB 
MBL 
m 
FB 
MBL 
MBA 
FB 
MBL 
MBR 
FB 
MBL 
MBA 
FB 
MBL 
MPA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
FB 
MBL 
MBA 
~~ 
"~ 
TABU B-XI1 
CONFIGURATION NO. 6 PERFORMANCE, SUBJECT GB 
~ 
WARMUP 
10 DM: 
~. 
- 
- 
~ 
0 .*a 
0.831 
~. 
1.023 
0.836 
" 
0.967 
0.836 
" 
3.331 
2.895 
__ 
0 . a 7  
0.797 
~ 
2.681 
2.892 
.~ 
0.336 
0.533 
~ 
1.916 
3.176 
__ 
4.686 
5.180 
- 
9.5 
9.5 
- 
i m  
12 DEC 
~ 
- 
- 
" 
1.233 
0 .8go 
_" 
1.21 3 
0.816 
~ 
1.245 
0 .863 
" 
4 -077 
3.015 
"" - 
1 .Ol3 
0 .896 
- _. 
2.997 
2.884 
- 
0.529 
0.353 
__ 
2.754 
1.164 
__ 
5.761 
4.331 
- 
9.5 
8.5 
I _ _ _ _ ~  PRIORITY I 12 DEC __ 
119 
117 
121 
1.237 
0.743 
0.645 
1.310 
0.677 
583 
1.219 
-_ 
__ 
-
0.925 
0.733 
3.336 
3.335 
3.333 
1.078 
0.619 
"
~ 
0.673 
_ _ _  
2.874 
1. 9 8 4  
2.629 
__ 
0.375 
0.332 
__ 
1 .a43 
1.489 
2 - 773 
4 .eo8 
4.132 
5.074 
8.75 
8.0 
8.0 
__ 
-
- 
1 2 0  
118 
122 
0.827 
~ 
0.803 
0.693 
0 -855 
0.821 
0 .643 
0.818 
0.959 
0 .e59 
~ 
~- 
"" 
2.174 
3.032 
3.532 
~ 
1 .io6 
0.629 
0 382 
2.821 
2 .ow 
". - 
2.506 
0.523 
0.476 
0.414 
__ 
~ 
2.91 
2.161 
2.500 
4.262 
4.273 
5 .oca 
9.0 
8 .O 
8.5 
___ 
-
~ 
'RIORITY : 
15 DM: 
1% 
1 3 5  
133 
0.923 
0.586 
0.694 
~~ . ~~ 
- ~. . 
". . 
0 a707 
0.562 
- 0 -555 
0.757 
0.669 
0.619 
2.902 
1.981 
- .. - 
2.831 
0 .e21 
0.6% 
0.602 
2.299 
2.115 
.. . - , 
-. . 
2.314 
0.468 
0.461 
0.452 
- _ _ _  
2.779 
2.927 
2.616 
4.629 
"___ 
4.119 
4 A96 
9.25 
8.75 
8.5 
~- 
RIORITY I 
17 DE 
176 
177 
178 
" 
~. "
1.155 
0.722 
0 .a9 
0.922 
0.655 
0.527 
0.874 
0.6% 
0.602 
2 .8% 
2.209 
2.228 
1.028 
0.666 
0.6% 
2.536 
- ... - - 
_" . - 
-~ 
. .. ~- 
2 .oh9 
2.588 
" 
0.477 
0.415 
0.434 
2.407 
2.230 
2.418 
~- 
4 -5% 
3.749 
4.185 
9.5 
8.5 
8.5 
" 
~RIORITY n 
18 DM: 
210 
209 
21 1 
1.013 
0.836 
0.652 
0 .a5 
0.715 
~- 0.581 
0.788 
0.723 
0.744 
2.733 
2.337 
3.707 
0.745 
0.606 
_~__ 
0.627 
2.446 
~ 
2.279 
2.652 
0 .bo8 
0 .bo9 
0.570 
2.472 
1.332 
3.026 
4 A26 
3.578 
5 -471 
9.0 
9.0 
9.0 
'ERFORMANCI 
AVERAGED 
1.06 
0 -77 
0.67 
0 e99 
0.73 
0.58 
0 e97 
0.81 
0.71 
3.1 
2.8 
3.1 
0.94 
0.69 
0.62 
2.6 
2.3 
2.5 
0.45 
0.44 
0.48 
2.4 
2.3 
2.7 
4.7 
4.3 
4.9 
9.2 
8.5 
8.5 
B-1 3 
TABU B-XI11 
INDIVIDUAL RUN EPR DATA 
INFIG. 
- 
I -!8A 
1 " B L  
5 " s A  
6-FB 
6 " B L  
1 -FB 
1 -FB 
1 "@A 
1 "BL 
5-MP.4 
5 " B L  
5-FB 
4-MBL 
4-FB 
'4" 
3- FB 
3-r.m.4 
3-MBL 
4 -FB 
4 - m  
4-MBL 
1 -FB 
1 "BL 
1 -1.m 
I -FB 
5-FB 
5"BL 
5-bm.4 
;-FB 
" 
- 
JKJECT - 
EF 
m 
EF 
EF 
EF 
EF 
ET 
EF 
m 
EF 
EF 
EF 
EF 
EF 
EF 
EF 
EF 
EF 
EF 
INSTRLMWI NO. 1 (ALTIMETER) - 
D 0.33  C.06  0.066  0.109  0.198 
15 0.31  0.05  0.045 0.088 0.148 
10 0.33 0.03 0.033 0.060 0.098 
13  0.31  0.05 0.040 0.07b  0.129 
lj 0.49  0.23  0.072 0.088 0.148 
lj 0 40  0.13 0.060 0.085  0.148 
21 0.36 0.08 0.074  0.116 0.208 
13 0.37 0.08 0.056  0.098  0.178 
I 16 ~0.33~0.06~.053~0.082~.161 19 0.34/0.0~(0.063/0.098~0.189 27 0.42 0.09  0.11'410.169 0.269 
210 5-FB ! GB I 1 1  '0.38i0.10 0.0~20.08010.11C 
211 6-MBA GB 18 0.66 0.33 0.120 I 0,137 0.18: 
7.76  86  0.72  0.29  0.616  0.491  0.852  1.17 76  0.46 0.08 0.34  0.43 0.753  1.33  100.9  175  1.7%  8.5 
6.75  84  0.63 0.20 0.520  0.491 0.833 1 . 2 0  72  0.57  0.14  0.408  0.421  0.712  1.41 10 .2 171  1.690 4.0 
6.75 86 0.62  0.17  0.528  0.486  0.849  1.18 73  0.56  0.13  0.404  0.412  0.721  1.39  101.2  177  1.748 - 
4.80 90 0.60 0.20 0.532  0.497  0,892 1.12 70  0.57 0.11 0.39 0.337 0.69  1.44  100.9  18111.795 - 
5.63  92  0.57  0.16  0.521  0.500  0.908 1.10 73  0.57  0.09  0.409  0.397  0.720  1.39  100.4  184!1.815 -
0.836 1.20  66  0.47  0.09 0.338 0.393  0.657  1.52  100.5  168  1.672 
0.924  1.08  76  0.45  0.09  0.333  0.40'4  0.755 
0.880 1.14  74  0.42 0.08 0.315 0.'~25 0.749 
0 . 9 0  1 . 1 1  80 0.55 0.12 0.436  0.435  0.791 
0.916  1.09  78  0.46 0.08 0.356  0.419  0.777 
- 
0.992 1.01 80 0.53 0.12 0.427,0.402  0.802 
0.886  1.13  76  IO.b7!0.11  0.35310.411/0.756 
6.32  91 ~0.64~0.29 i0 .576 '0 .4920.~0 1.11 76 ;0.48  0.11  0.36410.41110.751  1.33~101.2/18511.829 
6.72  93  )0.6510.23j0.597  0.503  0.923 1.08 77 10.46 0.10  0.3.54/0.416(0.764  1.31  100.7  I85  1.836 
5.33195  10.5610.1710.529 0.49 0.944  1.06  77  10.52  0.09  0.401  0.397  0.765  1.31  100.6 9 1.928 
6.23197  10.5310.15!0.514  0.495  0.973  1.03 82 10.52 0.10 0.433  0.418 0.823 1.22 99.7  196  1.967 
5.59 100~0.~3'0.13~0.5~ .493 0.994 1.01 83  io.50  0.10  0.41410.409io.825 1.21 100.6 223 2.017 
1 
0.687  1.45  61  0.64 0.12 0.392  0.381 0.608 1.65  100.4  160  1.594 
0.7% 1.36  54 0.60 0.11  0.323  0.36~0.53511.86 00.3 156  1.556 
0.496  0.449  0.710  1.41 56 ,0.64 0.08 0.360 0.334  0.$60~1.78  99.9  158  1.581 
0.415  0.610  1.64 56 !0.67 0.10 0.373  0.391  0.560'1.79  100.1  14711.469 
0.488 0 623  1.61  45  10.52 0.08 0.2340.354  0.452!2.211  99.5  12711.276 
10:83311.~0  55  j0.55i0.08  0.33210.325  0.552'1.81  199.7/16911.6951 
ERFORMRNCi 
Wisp 
2.77 
3 .89 
- 
4.07 
5.66 
4.81 
3.31 
2.95 
2.70 
3.09 
4.45 
4.72 
4.12 
4 . 6 4  
4.17 
2.70 
4.43 
4 2 4  
3.89 
4.06 
2.62 
3.06 
1.93 
2.13 
2.43 
2.99 
3.70 
3.61 
*Pilot ratings were not taken for Runs l9l t o  205 for fear of disturbing the E P R  system calibration. This fear proved groundless in later runs. 
APPENDIX c 
DESCRIBING  FUNCTION ANALYSIS FOR SUBJECT ET 
Following completion of the analysis  presented in  Sect ion V, NCISA-ARC 
personnel analyzed six additional runs for "equivalent" (visual cues only 
assumed) describing f'unctions. These da ta  a re  presented  in  th i s  Appendix 
as they do not materially alter the conclusions of Section V. The subject 
i n   t h e s e  runs was EF and the Configuration was  No. 6. 
Figures C-1 through C-8 i l lus t ra te  the  descr ib ing  func t ion  data. The 
inner-loop describing functions (Ype and Yp ) show  more lead in  the cross-  
over  region for  the pi tch control  task than for  roll as a consequence of 
t he  more unstable dynamics. The describing functions for the outer-loop 
tasks  (Figs .  C-5  through C - 8 )  show  somewhat  more va r i ab i l i t y  than  those  in  
the  main t e x t .  A trend emerges from consideration of both sets of data: 
Ysy shows a generally leading characterist ic in the crossover frequency 
region for both subjects; while Ypx i s  more variable-sometimes lead, 
sometimes lag; and when lagging, sometimes a nonminimum phase character- 
i s t i c  (which may or may not be real-there i s  l i t t l e  high-frequency power 
in the displacement signals upon which to  es tabl ish the higher  f requency 
character is t ics  of  the descr ibing funct ions) .  
cp 
Table C - I  l i s t s  the crossover and performance da ta  for  a l l  nine runs 
together with predicted behavior. There i s  considerable scatter,  but some 
trends emerge: first, th i s  sub jec t  (EF) generally has a higher  inner-loop 
crossover frequency than RG-generally in accord with expectations-his 
(EF's) a t t i tude  d isp lay  look  f rac t ions  and dwell fractions are generally 
greater  (see Table B - X I I I ) .  Second, his outer-loop crossover frequencies 
are e s s e n t i a l l y  t h e  same as R G ' s ,  but with ( 9  times out of 12)  greater  
phase margins and poorer performance. This suggests greater pilot remnant 
f o r  EF. It i s  probably safe t o  conclude tha t  the  shor t  measurement in t e rva l  
( r e l a t ive  to  the  f r equenc ie s  in  the  ou te r  l oop)  is  a major con t r ibu to r  t o  
the  da ta  scatter in the outer-loop tasks,  in particular,  his achieving best  
performance on a fixed-base run i n  one instance (Run No. 196). 
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TABLE C - I  
/ 
CROSSOVER FREQUENCIES,  PHASE WRGINS AND PERFOF&IA.NCE 
FOR NlINE EXAMPLE RUNS* REMTrVE  TO  PREDICTIONS 
- 
226 
FB 
-
- 
1.37 
27 
3 . 8 ~  
3.1: 
68 
3.1: 
- 
1.27 
27 
1.92 
1.29 
55 
2.01 
- 
I .05 
- 
5.87 
- 
- 
227 -
MBL -
1.41 
27 
0.84 
0.24 
47 
2.53 
- 
I .64 
23 
0.63 
0.2e 
367 
2.1: 
~ 
1.45 
- 
3.61 
- 
- 
228 
MBcl 
-
= 
1.55 
17 
0.54 
0.19 
38 
1.92 
- 
I .56 
22 
3.63 
3.23 
54 
2.41 
__ 
1.84 
__ 
3.19 
- 
- 
187 
F B  -
1.7E 
21 
1 .IC 
0 :21 
71 
4.65 
- 
1.4c 
19 
1 .x 
0.24 
76 
2.52 
- 
2.01 
- 
5.66 
- 
- 
188 
MBL 
-
-
I .82 
22 
0.69 
3.24 
38 
3.34 
- 
I .65 
24 
3.85 
3.16 
78 
5.08 
- 
I .61 
- 
c.81 
- 
- 
186 
MBA 
-
-
2.0c 
21 
0.a 
0.15 
48 
2 . 9 ~  
- 
1 .70 
27 
3.68 
3.34 
74 
2.27 
- 
1.58 
- 
II. .07 
- 
- 
9 
FB 
__a 
I .65 
18 
0 159 
0.24 
30 
3.22 
- 
I .65 
15 
1.11 
0.33 
42 
2.21 
- 
1.33 
- 
4.12 
- 
- 
2 
MBL -
1 .gc 
39 
0.3e 
0.19 
82 
3.19 
I_ 
I .52 
28 
3.67 
3.10 
100 
2.76 
__ 
2.12 
- 
+ .72 
- 
- 
3 
MBA -
2.1c 
a 
0.4E 
0.15 
95 
3.62 
- 
1.7e 
30 
0.34 
0.20 
85 
I .71 
- 
1-95 
 
4.45 
- 
1 PRED: 
F B  -
1 -5 
1 1  
0.80: 
0.5 
53 
1 . I +  
1.5 
25 
1.28 
37 
I .8 
0.16 
2.1+ 
- 
TIONS 
MBL - 
2.25 
18 
0.73 
0.5 
22 
1.3 
2.25 
28 
3.97 
3.5 
17 
I .8 
3.16 
2.2 
"Subject Wsts RG for  R u n s  226, 227, and 228; EF f o r  the remaining runs. 
t No phase  lead;  see  Fig. 30. 
+Scanning  remnant  not  included  in  calculations;  see  Appendix  A. 
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